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Abstract 
 
Running shoes are designed to reduce injury risk and enhance performance. In line with 
traditional running injury paradigms running shoes aim to reduce the magnitude and/or 
rate of foot motion and impact loading. While numerous studies have explored the 
influence of different shoe modifications upon these parameters, limited work has 
explored how different types of conventional running shoe influence foot and lower limb 
kinematics. Therefore the overarching aim of this thesis was to determine the influence 
of different types of running shoe on shod foot and lower limb motion during running.  
 
Twenty-eight active males (26 ± 7years, 1.77 ± 0.05m, 79 ± 9kg) participated in the main 
phase of testing. Participants ran in three types of running shoe (motion control, neutral 
and cushioned) at a self-selected pace, on a treadmill. Three-dimensional lower limb and 
inter-segmental foot kinematics were calculated from the position of retro-reflective 
markers tracked by a VICON motion analysis system. Incisions were made within the 
right shoe to accommodate direct tracking of shod foot motion. The incision parameters 
were validated in preliminary work. One-way repeated measures analysis of variance 
(ANOVA) and Freidman’s ANOVA were used to explore differences between footwear 
conditions. 
 
Significant differences in lower limb and foot kinematics were reported at the knee, ankle, 
midfoot-rearfoot, forefoot-rearfoot and medial longitudinal arch (MLA). Motion control 
shoes significantly reduced midfoot-rearfoot eversion and MLA deformation compared 
to neutral and cushioned shoes. Cushioned shoes significantly reduced ankle joint 
eversion compared to the motion control shoe. 
 
The findings of this thesis provide novel information regarding the influence of motion 
control, neutral and cushioned running shoes upon foot and lower limb kinematics, and 
further develop means of modelling the shod foot. Overall the findings of this thesis 
demonstrate the efficacy of running shoes to reduce the magnitude of foot motion. 
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Chapter 1: Introduction 
 
This chapter provides an introduction to the thesis, detailing the rationale for the research 
programme. The overarching aims, hypotheses tested and the original contribution to 
knowledge are presented. The chapter concludes with an overview of the thesis structure 
and content. 
 
1.1. Research Rationale 
 
Running shoe manufacturers (ASICS, 2015a; Brooks, 2015; Nike, 2015a), retailers (Pro 
Direct Running, 2015; The Athletes Foot, 2015a) and the popular running publication 
Runners World (2015a) commonly classify running shoes into a number of categories. 
These categories include but are not limited to; cushioned, neutral, motion control 
(stability), off-road (trail), performance (racing flats) and minimalist shoes. Shoes from 
each of these categories have different design aims and as such different design features. 
Of the aforementioned types of running shoe, neutral, motion control and cushioned 
running shoes are designed to meet the needs of runners with different gait patterns 
(ASICS, 2015b; Nike, 2015b; Davis, 2014; Butler et al, 2007; Asplund & Brown, 2005; 
Prichard, 2001). 
 
Motion control shoes are designed to reduce excessive pronation in order to enhance the 
propulsive efficiency of the foot, in comparison to neutral and cushioned shoes (Davis, 
2014; ACSM, 2011; Butler et al, 2007; Asplund & Brown, 2005; Prichard, 2001). 
Cushioned shoes are designed to enhance force attenuation and increase pronation upon 
2 
 
initial contact (IC) compared to the neutral and motion control shoes (Davis, 2014; 
ACSM, 2011; Asplund & Brown, 2005; Prichard, 2001; Williams III et al., 2001a). 
Neutral shoes offer a medium between the motion control and cushioned shoes and 
provide a degree of motion control and cushioning (Davis, 2014; ACSM, 2011; Butler et 
al., 2007; Asplund & Brown, 2005; Prichard, 2001).  
 
While running shoes are designed based upon dynamic motion patterns, the ease with 
which static foot classification measures can be conducted, in comparison to dynamic 
assessments, and the hypothetical links between static foot structure and dynamic motion 
patterns (Chuter, 2010; Redmond, 2004; Donatelli et al., 1999; Song et al., 1996), have 
led to the use of static measures to recommend running shoes (ASICS, 2015b; The 
Athletes Foot, 2015b; Running Shoes Guru, 2014; Runners World, 2014; Brooks, 2013; 
Nike, 2013; Saucony, 2013; The Running Shop, 2013; ACSM, 2011). Runners with a 
pronated foot type are recommended motion control running shoes, runners with a 
supinated foot type cushioned running shoes and runners with a neutral foot type neutral 
shoes (Davis, 2014; ACSM, 2011; Butler et al, 2007; Asplund & Brown, 2005; Prichard, 
2001). 
 
The current model for recommending running shoes to recreational runners based upon 
foot type is underpinned by four basic assumptions (Griffiths, 2012); 
1. Excessive pronation and/or impact forces are causal factors in the development of 
running related injuries 
2. A neutral gait pattern reduces injury risk 
3. Static foot classification can predict dynamic foot motion 
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4. Running shoes can control the magnitude and/or rate of both foot motion and 
impact loading 
While this recommendation model is well accepted within the running community, the 
validity of the model has been questioned by a number of authors (Griffiths, 2012; 
Richards et al., 2009; Reinschmidt & Nigg, 2000). For this reason moves away from this 
traditional shoe recommendation model, to one based upon dynamic foot assessment, are 
being made within the running community (Brooks, 2015; Alexandra Sports, 2015; 
Sports Clinic Zurich, 2015). However, the traditional shoe recommendation model, using 
static foot assessments to recommend running shoes, is still evident within shoe stores 
and online (ASICS, 2015; Nike, 2015; Runners World, 2014; The Athletes Foot, 2015; 
The Running Shop, 2015). While this move towards dynamic assessment is commendable 
it does not address the paucity of information regarding the influence of different types 
of running shoe upon running performance and injury rates (Richards et al., 2009). To 
rectify this gap in the knowledge base Richards et al., (2009) advocated head to head 
trials of existing running shoe constructions. The direct comparison of existing running 
shoe constructions would enable the validity of the fourth assumption within the running 
shoes recommendation model to be determined. As such the direct comparison of 
different types of running shoes is the focus of this research programme. To facilitate the 
comparison of the different types of running shoes the neutral shoe will be used as the 
baseline condition throughout this thesis, as this shoe theoretically offers a medium 
between the motion control and cushioned shoes. 
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1.2. Research Aims 
 
Overarching aim: 
 To determine the influence of different types of running shoe on shod foot and 
lower limb motion during running (Chapter 5) 
Secondary aims: 
 To determine the influence of incisions to accommodate different multi-segmental 
foot models (MSFMs) upon the running shoes structural integrity (Chapter 3) 
 To explore the relationship between static foot classification measures and 
dynamic foot motion during running (Chapter 4) 
 
1.3. Hypotheses 
 
Three hypotheses were tested in relation to the overarching aim of this research project. 
H1: Lower limb and inter-segmental foot kinematics will differ significantly 
between motion control, neutral and cushioned running shoes 
H2: Motion control and cushioned running shoes will alter peak ankle eversion 
and ROM compared to the neutral running shoe 
H3: Motion control and cushioned running shoes will alter peak MLA 
deformation and ROM compared to the neutral running shoe 
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1.4. Original Contribution to Knowledge 
 
The current model used to recommend running shoes is based on assumptions and 
theories derived predominantly from the assessment of systematic alterations to one 
aspect of the running shoes anatomy. Previous studies (Lilley et al., 2013; Rose et al., 
2011; Butler et al., 2007; Cheung & Ng, 2007; Stefanyshyn et al., 2003) have determined 
the influence of motion control and neutral running shoes upon aspects of frontal plane 
rearfoot (RF) motion and/or transverse plane tibial rotations. However, these studies have 
compared only two of the three main types of running shoe, exploring the shoes influence 
upon a limited number of parameters associated with dynamic foot or lower limb motion. 
The work undertaken within this thesis represents the first to compare lower limb and 
inter-segmental foot kinematics when running in neutral, cushioned and motion control 
running shoes. The application of a MSFM to the assessment of shod foot motion will 
advance our understanding of how the foot moves within the shoe and also how different 
types of running shoe can affect shod foot motion. Furthermore, the assessment of the 
motion of the foot within the shoe overcomes one of the major limitations of previous 
studies within footwear biomechanics. Application of a standard lower limb model will 
enhance our understanding as to how different types of running shoe influence gross 
lower limb kinematics during running. The simultaneous assessment of both lower limb 
and inter-segmental foot motion will also provide a more comprehensive and complete 
understanding as to how different footwear influences running kinematics. These novel 
aspects of the research project will enable the validity of the fourth assumption within the 
current running shoe recommendation model to be determined. 
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The secondary aims of this research programme also make an original contribution to 
knowledge. While studies (Bishop et al., 2015; Shultz & Jenkyn, 2012; Stacoff et al., 
1992) have determined the influence of different sized incisions upon the running shoes 
structural integrity, Chapter 3 of this thesis compares the influence of different sets of 
incisions. As such this aspect of the research project will increase our understanding as 
to how different incision parameters influence the running shoes structural integrity. This 
aspect of the work helps to demonstrate the feasibility of modelling the motion of multiple 
segments of the foot within the shoe. Finally, exploring the relationship between static 
foot classification measures and dynamic foot motion during running will add to our 
understanding of how foot morphology relates to dynamic foot motion. This in turn will 
provide information regarding the validity of the third assumption within the running shoe 
recommendation model and the appropriateness of using static foot assessments to 
recommend running shoes. 
 
1.5. Thesis Structure 
 
This thesis consists of six chapters. Chapter 2 presents a review of the relevant literature, 
concluding with a restatement of the project aims and hypotheses. Chapters 3, 4 and 5 
detail experimental studies developed to meet the aims associated with this thesis. Each 
of the three experimental chapters begins with a short introduction to the relevant subject 
area, followed by detailed methods and results sections, a discussion of the findings and 
a summary and restatement of key findings. Chapter 6 discusses the broader limitations 
and implications of the work, the chapter concludes with suggested directions for future 
research.
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Chapter 2: Literature Review 
 
The following chapter is divided into seven sections and will cover the following topics. 
The prevalence of recreational running (2.1); the structure and function of the foot (2.2); 
foot classification, including the theory underpinning foot classification and different 
means of classifying the foot (2.3); dynamic foot and lower limb motion during running 
gait, the influence of foot type upon running kinematics (2.4); the prevalence of and 
factors in the development of running related injuries, with reference to the influence of 
foot type on running injury risk (2.5); running shoe anatomy, the current model for 
recommending running shoes to recreational runners and the influence of different types 
of running shoe upon running kinematics (2.6); the chapter will finish with a summary 
and reiteration of the research aims and hypotheses associated with this thesis (2.7). 
 
2.1. Recreational Running  
 
Recreational running gained popularity in the early 1970’s (Cavanagh, 1990), and is more 
popular than ever today, due to an increased awareness of the importance of an active and 
healthy lifestyle (Dugan & Bhat, 2005). The increase in recreational running is 
highlighted by the annual rise in the number of marathon and half marathon finishers 
within the USA (Table 2.1.). Data regarding the number of London Marathon and Great 
North Run finishers in the UK supports the trend evident within the USA, with 6,255 and 
12,000 runners completing the inaugural events in 1981 (Virgin London Marathon, 2015; 
BBC, N.A). In 2015 and 2010, the number of runners completing the London Marathon 
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and Great North Run had risen to 37,675 and 39,459, respectively (Virgin London 
Marathon, 2015; BBC, N.A). 
 
Table 2.1. Number of marathon and half marathon finishers within the USA from 1976 
to 2012 (data taken from Running USA, 2013a, 2013b) 
Year Marathon Half Marathon 
1976 25,000 - 
1980 143,000 - 
1990 224,000 303,000 
2000 353,000 482,000 
2010 507,000 1,385,000 
2013 541,000 1,960,000 
 
2.2. Foot Structure and Function 
 
As the interface between the body and the ground, the foot has a vital role to play during 
running (Dugan & Bhat, 2005). The human foot is a complex structure, comprised of 26 
bones and 33 joints, which is traditionally split in to three anatomical sections; the RF, 
midfoot (MF) and forefoot (FF) (Figure 2.1) (Kappel et al., 2012; De Cock et al., 2006; 
Levangie & Norkin, 2005, pg. 438; Redmond, 2004). The RF consists of the calcaneus 
and the talus; the navicular, cuboid and cuneiforms form the MF; while the metatarsals 
and phalanges constitute the FF segment (Levangie & Norkin, 2005, pg. 438; Root et al., 
1971).   
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Figure 2.1. A superior view of the right foot split into anatomical sections (adapted from 
Palastanga et al., 2006 Pg 258; Main image reprinted with permission from Palastanga et 
al., 2006 Pg 258) 
 
The subtalar joint is a synovial plane joint defined by the articulation between the 
calcaneus and talus (Moore et al., 2009, pg 651; Palastanga et al., 2006, pg. 421). The 
midtarsal joint is formed by the talocaneonavicular and calcaneocuboid joints (Palastanga 
et al., 2006, pg. 429). The talocaneonavicular joint is a synovial ball and socket joint 
defined by the articulation between the talus proximally and the calcaneus and navicular 
distally (Moore et al., 2009, pg. 652). The calcaneocuboid joint is a synovial plane joint 
defined by the articulation between the anterior aspect of the calcaneus and the posterior 
aspect of the cuboid (Moore et al., 2009, pg. 652). The triplanar motions of pronation and 
supination occur about both the subtalar and midtarsal joints (Jastifer & Gustafson, 2014; 
Rearfoot 
Midfoot 
Forefoot 
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Palastanga et al., 2006, pg. 428; Lattanza et al., 1988). Weight bearing or closed kinetic 
chain subtalar and midtarsal joint pronation describes a combination of dorsiflexion, 
abduction and eversion of the MF relative to the RF (Jastifer & Gustafson, 2014; 
Palastanga et al., 2006, pg. 428; Lattanza et al., 1988). The tarsometatarsal joint is formed 
by five overlapping synovial plane joints which are defined by the articulation between 
each metatarsal base and the cuneiforms and cuboid (Moore et al., 2009, pg. 652; 
Palastanga et al., 2006, pg. 433). Bone pin studies (Lundgren et al., 2008; Arndt et al., 
2007) have revealed considerable motion (> 5°) in all three planes at the tarsometatarsal 
joint during walking and slow running. The metatarsophalangeal joints are synovial 
condyloid joints defined by the metatarsal heads and the base of the phalanges (Moore et 
al., 2009, pg. 652; Palastanga et al., 2006, pg. 436). Flexion and extension are the 
predominate motions that occur about the metatarsophalangeal joints, although some 
frontal and transverse plane motion occurs about this joint (Moore et al., 2009, pg. 652; 
Palastanga et al., 2006, pg. 438)  
 
The biomechanical functions of the foot are to provide stability, shock absorption and act 
as a rigid lever for propulsion (Kappel et al., 2012; De Cock et al., 2006). To undertake 
these roles the foot needs to be both flexible to adapt to its environment and to reduce the 
impact loading upon the body and rigid to support the body’s weight acting down upon it 
and to act as a lever for propulsion (Rodgers, 1988). The structural characteristics and 
alignment of the foot segments are often used to classify the foot as pronated, neutral and 
supinated (Redmond et al., 2006; Razeghi & Batt, 2002). 
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2.3. Foot Classification 
 
Static foot classification techniques are based on the premise that structure dictates 
function; therefore the morphology of the foot determines its dynamic movement patterns 
(Chuter, 2010; Redmond, 2004; Donatelli et al., 1999; Song et al., 1996). Authors (Billis 
et al., 2007; Donatelli et al., 1999; Nawoczenski et al., 1998) have suggested that 
structural abnormalities of the foot result in compensatory motion of the foot and lower 
limb. For this reason the foot may also be categorised dynamically by its motion pattern 
during walking and running. By either of these methods the foot may be placed in to one 
of three classification groups; the neutral foot, the pronated foot and the supinated foot 
(Song et al., 1996; Sneyers et al., 1995; Root et al., 1977; 1971). The terminology used 
within the literature to describe foot types varies; for clarity the neutral foot referred to 
throughout this thesis is also referred to as ‘pes rectus’ or ‘normal arched’, the pronated 
foot type as ‘pes planus’ or ‘low arched’ and the supinated foot type as ‘pes cavus’ or 
‘high arched’. 
 
The neutral foot is deemed to have the ideal anatomical structure and alignment, reducing 
the risk of injury and increasing the ability of the foot to function optimally (Root et al., 
1977; 1971). In contrast, the pronated foot is hypothesized to be hyper mobile (Hamill et 
al., 1989), reducing the propulsive efficiency of the foot which in turn places excessive 
stress upon the musculoskeletal system (Williams III et al., 2001a, b; Novacheck, 1998). 
The supinated foot is believed to have poor shock absorbing characteristics due to reduced 
flexibility (Sneyers et al., 1995), increasing musculoskeletal loading upon impact due to 
reduced force attenuation (Williams III et al., 2001a, b; McClay, 2001).  
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2.3.1. Foot Classification Theory 
 
The seminal work of Root et al., (1977; 1971) developed the first clinical model of foot 
biomechanics, revolutionizing the way the foot was viewed (Payne, 1998; McPoil & 
Hunt, 1995). Root et al’s., (1977; 1971) paradigm centred on the ideology of a normal 
foot, defined by their biophysical criteria for normalcy (Root et al., 1971, pg 34). Root et 
al., (1977; 1971) based the biophysical criteria for normalcy upon their perception of the 
ideal alignment of the foot and lower limb, between midstance (MS) and heel-rise (HR), 
during the walking gait cycle. The author’s proposed that this alignment would ensure the 
ideal functioning and maximal efficiency of the foot during both stance and gait. Any 
deviation from this ideological normal would alter the functional capacity of the foot, in 
turn predisposing individuals with abnormal feet to injury. Furthermore, deviations away 
from this normal foot would enable the foot to be classified based upon the extent of the 
deviation (Griffiths, 2012).    
 
The Root et al., (1977; 1971) paradigm contained three related components; 1) a protocol 
for static assessment of the foot, 2) biomechanical function of ‘normal’ and ‘abnormal’ 
gait and 3) a basis for orthotic prescription. Root et al’s., (1977; 1971) paradigm gained 
popularity throughout the 1970’s and 1980’s, and was central to podiatric assessment and 
footwear recommendation and development (discussed in detail in Section 2.6, pg 54). 
However, the paradigm has been challenged due to a lack of empirical evidence to support 
the classification system (Griffiths, 2012; McPoil & Hunt, 1995). These challenges have 
generally centred around Root et al’s., (1977; 1971) misinterpretation of the earlier work 
of Wright et al., (1964) (McPoil & Hunt, 1995), the limited representation of the ‘normal’ 
foot within the general population (Smith-Oricchio & Harris, 1990; McPoil et al., 1988) 
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and the low levels of reliability associated with Root et al’s (1977; 1971) assessment 
measures (Picciano et al., 1993; Smith-Oricchio & Harris, 1990; Elveru et al., 1988). This 
has led to authors (Jarvis et al., 2012; Daniel & Colda, 2012; McPoil & Hunt, 1995) 
advocating moves away from this approach. 
 
While moves away from the classification system of Root et al’s., (1977; 1971) have been 
advocated, the basic premise of the work remains prevalent (Jarvis et al., 2012). The 
concept of classifying the foot via static means to predict dynamic foot function and to 
prescribe intervention strategies aimed at reducing abnormal (excessive) foot motion, are 
still common within the running community. Key running shoe retailers and manufactures 
(Brooks, 2013; Nike, 2013; Saucony, 2013; SportShoes.com, 2013; The Running Shop, 
2013; Running Shoe Guru, 2013) as well as the popular running magazine Runners World 
(2013), recommend runners statically assess their foot to determine the most suitable type 
of running shoe. 
 
2.3.2. Foot Classification Methods 
 
While the classification groups, based upon either the structural traits or dynamic motion 
pattern of the foot, devised from the Root paradigm are universally accepted there is no 
consensus regarding the optimal method to classify the foot (Razeghi & Batt, 2002). The 
issues highlighted earlier in relation to the classification measurements developed by 
Root et al., (1977;1971) have led to the development of numerous new classification tools 
over the past three decades.  
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Morphological parameters derived from radiographic evaluations, anthropometric and 
footprint measures or visual assessments are frequently used to classify the foot (Razeghi 
& Batt, 2002).  Foot classification techniques using anthropometric, footprint or visual 
methods provide a quick and easy means for foot assessment. In contrast, radiographic 
techniques require specialized facilities and equipment, are expensive and involve 
exposure to radiation. For these reasons radiographic foot classification measures are not 
used to recommend running shoes and as such these measures are beyond the scope of 
this review. Footprint based measures are advocated within the running community, with 
a view to recommending running shoes but concerns over the validity of footprint based 
measures have been noted. Cobey and Sella (1981) questioned the extent to which 
footprints taken from either pressure mats or photographic means could determine the 
structure of the foot, after revealing that footprint measures were poor indicators of 
radiographic arch height. The findings of this study are supported by those of Hawes et 
al., (1992), who reported that footprint parameters can explain, at best, 15% of the 
variation in arch height. Due to concerns about the validity of footprint based 
classification tools these measures are not considered further in this review. The 
following review therefore focuses on anthropometric and visual classification 
measurements only. The review contains information from studies using asymptomatic 
participants; where studies compare control and injured populations only data for the 
control group are included. The rationale for excluding studies on pathological or injured 
cohorts was to remove the influence of these factors on standing foot posture, and 
consequently measurement reliability and validity. Additionally, the selection criteria 
increases the comparability of the literature to the participant cohorts recruited within this 
thesis.   
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2.3.2.1. Anthropometric Techniques 
 
Anthropometric foot classification measures involve direct measurement of anatomical 
landmarks to determine the alignment and/or relationship between segments or bones of 
the foot and lower limb (Razeghi & Batt, 2002). Common anthropometric foot 
classification techniques include the rearfoot angle (RFA) (McPoil & Cornwall, 1996a), 
medial longitudinal arch angle1 (MLAA) (McPoil & Cornwall, 2005) and navicular drop 
(ND) (Brody, 1982). While this list is by no means exhaustive, the prevalence of these 
measures within the literature formed the rationale for focusing on these measures within 
this review. The following section will give a brief overview of these measures, 
discussing the reliability and predictive ability of each measure, where appropriate 
literature is available.  
 
The RFA refers to the acute angle created at the intersection of vectors bisecting the 
posterior aspect of the calcaneus and the distal third of the shank (Figure 2.2A) (Johnson 
& Gross, 1997; McPoil & Cornwall, 1996a). The MLAA refers to the obtuse angle formed 
by vectors connecting the medial malleolus to the navicular tuberosity and the navicular 
tuberosity to the first metatarsal head (Figure 2.2B) (McPoil & Cornwall, 2005; Razeghi 
& Batt, 2002; Cashmere et al, 1999). ND assesses the vertical displacement of the 
navicular between subtalar joint neutral (STJN) and a relaxed standing position (Brody, 
1982). 
 
                                                          
1 Also referred to as the Feiss line or supranavicular angle 
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Figure 2.2. Visual representations of A) rearfoot angle and B) medial longitudinal arch 
angle 
 
The boundaries for foot classification based on each of the aforementioned measures are 
shown in Table 2.2. The deviations in boundaries for foot classification using the RFA 
and ND measures highlight the lack of agreement within the literature, in relation to foot 
classification. In relation to the RFA a potential explanation for the variance between 
studies maybe due to individual interpretations of the guidelines proposed by Root et al., 
(1977; 1971), with all of the studies cited in Table 2.2 making reference to this work when 
proposing classification boundaries. As such the boundaries may lack validity due to the 
issues with the Root et al., (1977; 1971) paradigm discussed previously (Section 2.3.1, 
pg 12). The classification boundaries proposed by Dahle et al., (1991) for the MLAA are 
frequently cited within the literature (McPoil & Cornwall, 2007; McPoil & Cornwall, 
2005; Hunt et al., 2000; Cashmere et al., 1999; Jonson & Gross, 1997). However, Dahle 
et al., (1991) proposed these values as part of a multi-faceted approach to classifying the 
foot, with no evidential support for the boundaries provided. The boundaries for foot 
classification based upon the ND measure have been developed from the values for 
excessive foot motion proposed by Brody (1982). Brody (1982) based the boundary 
points, denoted in Table 2.2, upon clinical observations made while treating injured 
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runners. All of the other studies cited in Table 2.2, related to the ND measure, cite Brody 
(1982) either directly or indirectly when proposing classification boundaries. Therefore 
the classification boundaries are merely slight modifications of those proposed by Brody 
(1982). As Brody’s boundaries are based upon injured runners, the generalizability of 
these to the general population may be limited, especially as Brody (1982) proposed 
normal and excessive levels only, making no reference to classifying the foot type based 
using ND scores alone.    
 
Table 2.2. Foot classification boundaries for rearfoot angle (RFA), medial longitudinal 
arch angle (MLAA) and navicular drop (ND) static foot classification measures 
Measure Study Pronated Neutral Supinated 
RFA Root et al., (1971) ≥ 3˚ valgus 2˚ valgus to 
2˚ varus 
≥ 3˚ varus 
 Brown & Yavorsky 
(1987) 
≥ 4˚ valgus 3˚ valgus to 
3˚ varus 
≥ 4˚ varus 
 Blake & Ferguson (1991) ≥ 5˚ valgus 4˚ valgus to 
4˚ varus 
≥ 5˚ varus 
 Dahle et al., (1991) ≥ 3˚ valgus 2˚ valgus to 
2˚ varus 
≥ 3˚ varus 
 Johnson & Gross (1997) ≥ 5˚ valgus 4˚ valgus to 
4˚ varus 
≥ 5˚ varus 
MLAA Dahle et al., (1991) < 130° 130° to 150° > 150° 
ND Brody (1982) 15mm 10mm NR 
Muller et al., (1993) > 10mm < 10mm NR 
Loudon et al., (1996) > 9mm 6 to 9mm < 6mm 
Hargrave et al., (2003) > 10mm 5 to 10mm < 5mm 
 Nakhaee et al., (2008) ≥ 10mm 5 to 9mm ≤ 4mm 
NR = Not Reported  mm = Millimetres 
 
The reliability of the selected anthropometric foot classification measures are reported in 
Table 2.3 (pg 20). Intra-rater reliability is consistently reported to be higher than inter-
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rater reliability for all measures. The intra-rater reliability of the RFA ranges from slight 
to almost perfect (ICC = .17 to .90), when using the conventional interpretations of the 
Intraclass Correlation Coefficient (ICC) proposed by Landis and Koch (1977). However, 
removal of one study (Evans et al., 2003), where ICC scores were highly variable, 
increases the intra-rater reliability of the RFA to almost perfect (ICC = .87 to .90). The 
inter-rater reliability ranges from fair to almost perfect (ICC = .25 to .81). The standard 
error of the measurement (SEM) for the RFA ranges between 0.37° to 6.2°. Errors of 6.2° 
have the potential to cause misclassification from one end of the foot classification 
spectrum to the other, thus questioning the reliability of this measure. However, it should 
be noted that this value (6.2°) is for the rater, within the Evans et al., (2003) study, who 
had only slight intra-rater reliability when measuring the RFA. Removal of this rater 
reduces the maximal SEM to 2.7°, which suggests the RFA offers a reliable means of 
statically classifying the foot.  
 
Limited work exploring the reliability of the MLAA measure was identified. The 
available literature demonstrates almost perfect intra-rater (ICC = .90 to .96) and 
substantial inter-rater (ICC = .67) reliability for the MLAA (Table 2.3, pg 21). The SEM 
for the MLAA was reported to be 1.3° by McPoil and Cornwall (2005). Error of this 
magnitude would have limited bearing on the assigned classification group when using 
the MLAA as the neutral classification boundary covers a range of 30° (Table 2.2, pg 17).   
 
Several studies were identified exploring the reliability of the ND. Intra-rater reliability 
of the ND was reported to range from fair to almost perfect (ICC = .37 to .96) (Table 2.3), 
with the inter-rater reliability ranging from moderate to substantial (ICC = .46 to .75). 
The SEM ranged between 0.33mm and 3.5mm for the ND, which suggests limited error 
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in relation to the neutral classification boundaries advocated within the literature (Table 
2.2, pg 17). 
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Table 2.3. Intra- and inter-rater reliability and standard error of the measure for the rearfoot angle (RFA), medial longitudinal arch angle (MLAA) and 
navicular drop (ND) static foot classification measures 
Study Participants 
Classification 
Measure Mean (SD) 
Reliability 
SEM Intra-rater Inter-rater 
Mueller et al., (1993) n = 10 ND 7.10mm 
(3.42mm) 
ICC(2,1) = .78 to 
.83  
NR 1.68 to 
2.08mm 
Picciano et al., 
(1993) 
n = 15 ND 9.0mm (4.2mm) ICC(1,1) = .61 to 
.79 
ICC(3,1) = 
.57 
1.92 to 
2.57mm 
Jonson & Gross 
(1997) 
n = 63 MLAA 
RFA 
141.61° (7.67°) 
6.37° Ev (3.03°) 
ICC(2,1) = .90 
ICC(2,1) = .88  
ICC(2,1) = 
.86 
ICC(2,1) = 
.81 
NR 
NR 
Vinicombe et al., 
(2001) 
n = 20 ND 9.5mm (2.5mm) ICC(3,3) = .37 to 
.71 
ICC(2,3) = 
.75 
0.75 to 
1.35mm 
Evans et al., (2003) n = 30 RFA 
ND 
1.79° Inv (N.R) 
7.21mm (N.R) 
ICC(3,1) = .17 to 
.70 
ICC(3,1) = .51 to 
.77 
ICC(2,4) = 
.25 
ICC(2,4) = 
.46 
1.2 to 6.2° 
2.3 to 
3.5mm 
Buchanan & Davis 
(2005) 
n = 51 RFA 
ND 
10.5° (2.7°) 
6.2mm (4.5mm) 
ICC(3,3) = .90 
ICC(3,3) = .96 
NR 
NR 
0.37° 
0.63mm 
McPoil & Cornwall 
(2005) 
n = 12 MLAA 145° (6.3°) ICC(3,1) = .95 to 
.96 
ICC(3,1) = 
.67 
1.3° 
Billis et al., (2007) n = 26 ND 15.5mm 
(3.6mm) 
ICC(3,1) = .95 NR 0.33mm 
Bencke et al., (2012) n = 26 ND 7.2mm (3.6mm) ICC(2,1) = .88 NR 1.7mm 
Jarvis et al., (2012) n = 6 RFA NR NR ICC(2,1) = 
.14 to .23 
NR 
Lee & Hertel (2012) NR ND 
RFA 
NR 
NR 
ICC(2,1) = .93 
ICC(2,1) = .87 
NR 
NR 
NR 
NR 
Ev = Eversion   ICC = Intraclass Correlation Coefficient   Inv = Inversion   n = Number   NR = Not Reported   SD = Standard Deviation   SEM = Standard Error of Measure   mm = 
Millimetres     
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Table 2.4 (pg 23) summarises the extent to which selected anthropometric foot 
classification measures explain the variance in aspects of dynamic foot motion during 
walking and running. Surprisingly, limited work exploring how static RFA influences 
dynamic motion patterns was identified, despite the fact that RF eversion is a common 
measure used to quantify dynamic foot motion. Static measurement of the RFA has been 
reported to be a significant predictor of maximal RF eversion during walking, explaining 
between 21 and 69% of the variance in maximal RF eversion (Hunt et al., 2008; Levinger 
& Gilleard, 2006; McPoil & Cornwall, 1996a). However, static RFA was not a significant 
predictor of RF frontal plane ROM, maximal RF inversion, maximal RF abduction or RF 
transverse plane ROM during walking (Hunt et al., 2008; Levinger & Gilleard, 2006). No 
studies were identified exploring the relationship between static RFA and dynamic foot 
motion during running. One study (Lee & Hertel, 2012b) was identified exploring the 
relationship between RFA and dynamic planar pressure measures during running, with 
variance in RFA accounting for up to 42% of the variance in peak plantar pressure. 
 
Static MLAA is significantly related to MLAA at discrete time points within the stance 
phase of walking gait, explaining 85% to 96% of the variance in this measure (Bandholm 
et al., 2008; McPoil & Cornwall, 2007, 2005) (Table 2.4, pg 23).  In contrast, no 
significant relationships have been reported between static MLAA and MLAA 
deformation during walking gait (Bandholm et al., 2008). Additionally, no significant 
relationship was reported between MLA height or length and MLA deformation during 
walking (Cashmere et al., 1999). Similar trends are apparent within the running literature, 
with no significant relationship between MLA height and MLA deformation (Nachbauer 
& Nigg, 1992). Yet high levels of correlation between static MLAA and MLAA at 
midsupport are reported, with 85% of the variance in MLAA at midsupport explained by 
static MLAA (McPoil & Cornwall, 2007). Significant relationships have been reported 
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during running between MLA height and maximal internal tibial rotation and the transfer 
of RF eversion to internal tibial rotation (transfer coefficient) (Nigg et al., 1993). 
 
Previous research (Bencke et al., 2012; Rathleff et al., 2012, 2010; McPoil & Conrwall, 
1996b) has revealed significant correlations between ND and aspects of dynamic foot 
motion during walking (Table 2.4, pg 23). Static ND explains 58% and 31% of the 
variance in two (2D) and three dimensional (3D) measures of MLA deformation during 
walking, respectively (Bencke et al., 2012). Lower levels of explained variance are 
reported between ND and maximal RF eversion (17%) and dynamic ND (12%) during 
walking (Rathleff et al., 2012; McPoil & Cornwall, 1996b). Navicular height in single 
limb stance has been shown to account for 90% and 24% of the variance in minimal 
navicular height and navicular height ROM respectively, during walking (Rathleff et al., 
2010). During running, contradictory findings have been reported on the relationship 
between ND and RF eversion, with the offset used within the calculation of RF eversion 
influencing the relationship significantly. When using RF eversion in a relaxed standing 
position as an angular offset in the calculation of RF eversion or no offset, no significant 
relationship has been reported between ND and maximal RF eversion during running (Lee 
& Hertel, 2012a). However, when the RF eversion recorded with the participant standing 
in STJN position is used as an offset for the calculation of RF eversion, a significant 
relation has been reported (Lee & Hertel, 2012a); in this instance 72% of the variance in 
maximal RF eversion was accounted for by variance in ND scores. In addition, ND was 
shown to explain up to 16% of the variance in plantar pressure measures during walking 
(Jonely et al., 2011). However, no significant relationships were reported between ND 
and plantar pressures during running (Lee & Hertel, 2012b). 
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Table 2.4. Relationship between selected anthropometric foot classification measures and dynamic foot motion during walking and/or running as reported 
within the literature 
Study Participants W/R Static Measure Dynamic Variables 
Explained 
Variance 
Nachbauer & Nigg (1992) n = 37  R MLA height MLA deformation 6% 
Nigg et al., (1993) n = 30 R MLA height RF Ev Max 
TIR Max 
Transfer Coefficient 
6% 
15%* 
27%* 
McPoil & Cornwall (1996a) n = 31 W RFA – RS 
RFA – STJN 
RFA - SLS 
RF Ev Max 69%†† 
34%†† 
66%†† 
McPoil & Cornwall (1996b) n = 27 W ND RF Ev Max 17%* 
Cashmere et al., (1999) n = 19 W MLAA 
MLA height 
MLA length 
MLA deformation 
 
6% 
< 1% 
3% 
Hunt et al., (2000) n = 19 W RFA 
 
 
 
MLAA 
RF Ev Max 
RF Ev ROM 
RF Abd Max 
RF Abd ROM 
RF Ev Max 
RF Ev ROM 
RF Abd Max 
RF Abd ROM 
21%* 
< 1% 
4% 
12% 
4% 
< 1% 
6% 
1% 
McPoil & Cornwall (2005) n = 42  W MLAA MLAA MSt 91%* 
Levinger & Gilleard (2006) n = 14 W RFA RF Ev Max 
RF Inv Max 
59%* 
< 1% 
McPoil & Cornwall (2007) n = 17  W/R MLAA MLAA at MSt during W 
MLAA at MSu during R 
85%* 
85%* 
Bandholm et al., (2008) n = 15  W MLAA – unloaded 
MLAA – loaded 
MLAA deformation 
MLAA IC 
MLAA TO 
MLA deformation 
96%* 
96%* 
2% 
 
Rathleff et al., (2010) 
 
n = 79 
 
W 
 
NH SLS 
 
NH Min 
NH ROM 
 
90%* 
24%* 
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Jonely et al., (2011) n = 92 W ND Peak PP RF 
Peak PP MF 
Peak PP FF 
Peak PP Hallux 
< 1% 
3%* 
7%* 
16%* 
Bencke et al., (2012) n = 26 W ND MLA deformation 2D 
MLA deformation 3D 
58%* 
31%* 
Lee & Hertel (2012a) n = 33 R MLA Height 
 
ND 
 
RF Ev Max STJN offset 
RF Ev Max RS offset 
RF Ev Max STJN offset 
RF Ev Max RS offset 
25%* 
9% 
72%* 
4% 
Lee & Hertel (2012b) n = 25 R RFA RF Max PP 
RF Max PT 
RF Max PTint 
MF Max PP 
MF Max PT 
MF Max PTint 
FF Max PP 
FF Max PT 
FF Max PTint 
25%* 
< 1%* 
37%* 
24%* 
< 1% 
42%* 
2% 
6% 
2% 
   ND RF Max PP 
RF Max PT 
RF Max PTint 
MF Max PP 
MF Max PT 
MF Max PTint 
FF Max PP 
FF Max PT 
FF Max PTint 
1% 
6% 
< 1% 
< 1% 
4% 
2% 
1% 
< 1% 
< 1% 
Rathleff et al., (2012) n = 79 W ND ND 12%* 
Eslami et al., (2014) n = 16 R ND TIR ROM 
RF Ev ROM 
28%* 
3% 
Hoffman et al., (2015) n = 12 R ND ND 1% - 11% 
NOTE. RF Ev reported relative to shank unless stated otherwise 
* Significant relationship (p < .05)  †† p value not reported   Abd = Abduction   Ev = Eversion   FF = Forefoot   IC = Initial Contact   Inv = Inversion   Max = Maximum     MF = Midfoot   Min = Minimum   MLA = Medial 
Longitudinal Arch   MLAA = Medial longitudinal arch angle   MSt = Midstance   MSu = Midsupport   n = Number        ND = Navicular Drop   NH = Navicular Height   PP = Plantar Pressure   PT = Pressure-time   PTint = 
Pressure-time Integral   R = Running   RF = Rearfoot   RFA = Rearfoot Angle   ROM = Range of Motion   RS = Relaxed Stance   STJN = Subtalar Joint Neutral   SLS = Single Limb Support   TIR = Tibial Internal Rotation TO 
= Toe Off   W = Walking   2D = Two Dimensional   3D = Three Dimensional
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2.3.2.2. Visual Assessment  
 
Visual assessments of the surface level anatomical alignment or structure of the foot are 
routinely undertaken, as they provide a simple, cost effective and readily available means 
of assessing the foot (Razeghi & Batt, 2002). Photographic or surface marking techniques 
maybe utilized to facilitate visual assessment (Razeghi & Batt, 2002). However, the 
subjective nature of this type of assessment has led authors (Menz, 1995; Rothstein, 1985) 
to promote moves away from such approaches. The highly subjective nature of visual 
estimates is most likely the confounding variable leading to the slight to fair inter-rater 
reliability (ICC range 0.11 to 0.23) reported by Jarvis et al., (2012), for visual assessment 
of the RFA. These authors also calculated an estimate of the error for visual assessments 
and determined the total error in visual assessments of the RFA to range between 3.1˚ and 
9.5˚. The lower reliability and higher SEM associated with the visual assessment of the 
RFA compared to the quantified measures of the RFA, discussed previously (Table 2.3, 
pg 20), highlight the issues with subjective assessment when compared to quantified 
measures. 
 
The Foot Posture Index (FPI-6) proposed by Redmond (2004) appears to be the first 
attempt to couple a quantitative scoring system and visual assessment. The FPI-6 is a 
composite score, derived from five multi-planar observations of the foot and palpation of 
the talar head during a relaxed standing position, which gives an indication of overall foot 
posture (Redmond, 2005). The FPI-6 categorizes the foot in the traditional manner with 
neutral, pronated and supinated groups; however the pronated and supinated groups are 
further separated by the extent of the deviations shown (Table 2.5).  
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Table 2.5. Boundaries for foot classification using the Foot Posture Index (Redmond, 
2005) 
Highly 
Pronated Pronated Neutral Supinated 
Highly 
Supinated 
10 to 12 6 to 9 0 to 5 -1 to -4 -5 to -12 
 
The intra- and inter-rater reliability of the FPI-6 and the associated SEM are reported in 
Table 2.6. Similarly to the anthropometric foot classification measures, the intra-rater 
reliability of the FPI-6 reported to be higher than the inter-rater reliability. The intra-rater 
reliability of the FPI-6 ranges from substantial to almost perfect (ICC = .72 to .94). The 
inter-rater reliability of the FPI-6 ranges from moderate to almost perfect (ICC = .53 to 
.99). The SEM or absolute error associated with the FPI-6 is reported to be 1.1 to 2.2. 
Error levels in this region are small in comparison to the classification boundaries, 
especially if the measure is used to classify the foot into the three traditional classification 
groups (Table 2.5). However, as the FPI-6 uses an ordinal scale to classify the foot the 
usefulness of this information is questionable, as the composite score from which the ICC 
and therefore the SEM are calculated are unitless. Furthermore, using the composite score 
from the FPI-6 as the input for the ICC assumes that the intervals between each score are 
equivalent (Portney & Watkins, 1993, pg 509). While this assumption would be logical, 
work by Keenan et al., (2007), assessing the internal construct validity of the FPI-6 using 
Rasch modelling, has disproved the assumption. As such the reported reliability and error 
for this measure may be influenced by violations of the assumptions within the statistical 
analysis undertaken. Despite the potential violations of parametric data assumptions 
within the previous studies (Cowley & Marsden, 2013; Cornwall et al., 2008; Cain et al., 
2007; Evans et al., 2003) the agreement between studies and substantial to almost perfect 
intra-rater reliability suggests that the FPI-6 is a reliable means of classifying static foot 
posture.  
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Table 2.6. Intra- and inter-rater reliability and standard error of the measure for the Foot Posture Index (FPI-6) 
Study Participants 
Classification 
Measure 
 Reliability 
SEM 
Mean (SD) Intra-rater Inter-
rater 
Evans et al., 
(2003) 
n = 30 FPI-6 4.98† (N.R) ICC(3,1) = .72 
to .86 
ICC(2,4) = 
.58 
1.1 to 
1.5† 
Cain et al., (2007) n = 10 FPI-6 NR ICC(2,1) = .81 
to .92 
ICC(2,1) = 
.69 
NR 
Cornwall et al., 
(2008) 
n = 46 FPI-6 2.6† (2.9†) ICC(2,2) = .93 
to .94 
ICC(3,2) = 
.53 to .66 
1.7 to 
2.2†‡ 
Cowley & 
Marsden (2013) 
n = 10 FPI-6 NR NR ICC(N.R) 
= .99 
NR 
† Unitless     ‡Absolute error     ICC = Intraclass Correlation Coefficient     n = Number     NR = Not Reported      SD = Standard Deviation     SEM = Standard Error of Measure 
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Table 2.7 summarises the extent to which the FPI-6 can explain variance in aspects of 
dynamic foot motion or plantar loading during walking and running. The FPI-6 is 
significantly related to RF, ankle joint and navicular motion during walking (Barton et 
al., 2011; Chuter, 2010; Nielsen et al., 2010; Redmond et al., 2006). Ankle joint and RF 
motion when using single segment models of the foot would report on similar motion 
patterns and as such both are grouped from here in and referred to as RF eversion. 
Variance in FPI-6 scores accounts for between 27% and 85% of the variance in maximal 
RF eversion, with foot type influencing the level of explained variance (Barton et al., 
2011; Chuter, 2010; Redmond et al., 2006). Additionally, FPI-6 scores explain 21% of 
the variance in minimum RF eversion during walking (Redmond et al., 2006). However, 
FPI-6 only significantly correlates to RF eversion ROM when this is calculated relative 
to the laboratory as opposed to the shank. The appropriateness of calculating RF eversion 
relative to the laboratory frame of reference is questionable, as this fails to account for 
the orientation of the lower limb, which would have a direct influence on the magnitude 
of eversion calculated. The FPI-6 is also significantly related to RF eversion at discrete 
time points during the stance phase of walking gait (Barton et al., 2011; Chuter, 2010; 
Redmond et al., 2006), however this relationship is only significant around the time at 
which the foot is flat on the floor. The FPI-6 is significantly associated with plantar 
pressure variables (Sánchez-Rodríguez et al., 2012), however the level of explained 
variance is low < 4% and requires inclusion of both the overall FPI-6 score and individual 
criteria from within the measure to achieve significance. Finally, the FPI-6 was not 
significantly related to dynamic ND during running (Hoffman et al., 2015). 
29 
 
Table 2.7. Relationship between the foot posture index and dynamic foot motion during walking as reported within the literature 
Study Participants W/R Static Measure Dynamic Variables 
Explained 
Variance 
Redmond et al., (2006) n = 15 W FPI-6 Ankle JC Ev Min 
Ankle JC Ev Max 
Ankle JC Ev IC 
Ankle JC Ev FFlat 
Ankle JC Ev MSt 
Ankle JC Ev HR 
Ankle JC Ev TO 
21%* 
27%* 
< 1% 
22%* 
43%* 
30%* 
5% 
Chuter (2010) n = 40 W FPI-6 RF Ev Max (Whole Group) 
RF Ev Max (Pronated Foot) 
RF Ev Max (Neutral Foot) 
85%* 
65%* 
58%* 
Nielsen et al., (2010) n = 297 W FPI-6 ND 
NH Min 
13%* 
45%* 
Barton et al., (2011) n = 20 W FPI-6 RF Ev Peak relative to lab 
RF Ev Time to Peak relative to lab 
RF Ev ROM relative to lab 
RF Ev Peak 
RF Ev Time to Peak 
RF Ev ROM 
5% 
< 1% 
38%* 
5% 
< 1% 
2% 
Sánchez-Rodríguez et al., (2012) n = 400 W FPI-6¥ Medial RF PP 
Later RF PP 
MF PP 
FF PP 
4%* 
3%* 
4%* 
NSR 
Hoffman et al., (2015) n = 12 R FPI-6 ND < 1% - 17% 
NOTE. RF Ev reported relative to shank unless stated otherwise 
* Significant relationship (p < .05)   ¥FPI-6 score combined with two individual criteria within the measure in multiple regression model   Ev = Eversion       FF = Forefoot           FFlat = Foot Flat   HR = 
Heel Rise   IC = Initial Contact   JC = Joint Centre   Max = Maximum   MF = Midfoot   Min = Minimum   MSt = Midstance   n = Number    ND = Navicular Drop   NH = Navicular Height   NSR = No 
Significant Relationship (r not reported)   PP = Plantar Pressure R = Running   RF = Rearfoot    ROM = Range of Motion   TO = Toe Off     W = Walking 
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2.3.2.3. Review 
 
The evidence presented within this section reveals; 
 No consensus regarding the optimal means of statically classifying the foot 
o RFA, MLAA, ND and FPI-6 are reliable means of statically classifying 
the foot 
 A paucity of information relating to the ability of static foot classification 
measures to predict dynamic foot motion during running 
o Contradictory findings regarding the extent to which static foot 
classification measures predict aspects of foot kinematics and kinetics 
during walking and running 
For these reasons future work exploring the relationship between static foot posture and 
dynamic foot motion, especially during running, is required. 
 
 2.4. Dynamic Foot and Lower Limb Motion 
 
The following section will review running kinematics. Initially, the differences between 
walking and running will be highlighted with reference to the gait cycle. Following this 
foot and lower limb kinematics during running are discussed. 
 
2.4.1. Gait Cycle 
 
The gait cycle is used as the basic unit of measurement during gait analysis (Gage, 1990), 
with one gait cycle beginning at IC of one foot and finishing at the following IC of the 
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same foot (Perry & Burnfield, 2010; Novacheck, 1998; Õunpuu, 1994). During running 
the gait cycle is split into stance and swing phases, these phases can be further subdivided 
(Figure 2.3) (Pink, 2010; Novacheck, 1998; Õunpuu, 1994). The primary biomechanical 
functions of the stance phase during running are to provide stability, shock absorption 
and propulsion (Perry & Burnfield, 2010); although the majority of the forward 
propulsion is generated during the swing phase of running (Lohman et al., 2011; Pink, 
2010; Mann, 1982, pg. 30-34). 
 
 
Figure 2.3. The phases of running gait (adapted from Pink, 2010; Novacheck, 1998) 
 
During running, out of phase periods of absorption and propulsion occur (Figure 2.3). 
The absorptive phase of running gait is characterised by a fall in the body’s centre of 
mass, from its peak height at mid-swing to its lowest height at midstance (Novacheck, 
1998). From IC the body’s centre of mass decelerates, both horizontally and vertically, 
during stance phase absorption (Novacheck, 1998). At midstance, stance phase reversal 
occurs and the body’s centre of mass is accelerated vertically and horizontally forwards, 
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as the propulsive phase begins (Novacheck, 1998). This increases both the potential and 
kinetic energy, which peak at midswing, at which time swing phase reversal occurs and 
the absorptive phase begins again (Novacheck, 1998). 
 
2.4.2. Running Kinematics 
 
Unlike walking, where IC occurs primarily with the heel unless pathological conditions 
are present (Perry & Burnfield, 2010), IC may occur with the RF, MF or FF during 
running. A foot strike is deemed a RF strike when IC is made by the heel, MF strike when 
IC is made by the heel and ball of the foot simultaneously and FF strike when IC is made 
by the ball of the foot alone (Lieberman et al., 2010; Hasegawa et al., 2007).  The 
proportions of novice, recreational and elite runners utilizing each type of foot striking 
pattern are detailed in Table 2.8. Table 2.8 demonstrates high levels of similarity in the 
prevalence of each foot striking pattern between novice and recreational runners 
(Almeida et al., 2015; Bertelsen et al., 2013; Larson et al., 2011), yet an increase in the 
prevalence of MF striking patterns in elite level runners (Hasegawa et al., 2007). Due to 
the high prevalence of RF strike in both novice and recreational runners, RF strike 
kinematic patterns will be discussed during this chapter, unless otherwise stated. 
 
Table 2.8. Prevalence of rear-, mid- and fore-foot striking patterns in novice, recreational 
and elite runners 
  Rearfoot (%) Midfoot (%) Forefoot (%) 
Bertelsen et al., 
(2013)* 
Novice 96.9 0.4 0.9 
Larson et al., (2011) Recreational 94.4 3.6 2.0 
Almeida et al., (2015) Recreational 95.1 4.1 0.8 
Hasegawa et al., 
(2007) 
Elite 74.9 23.7 1.4 
* 1.8% classified as having asymmetrical foot strike patterns, thus excluded from the classification data 
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 2.4.3. Lower Limb Kinematics 
 
The hip is in a flexed position upon IC during running and from here extends throughout 
the stance phase (Figure 2.4, pg 34) (Novacheck, 1998; Ŏunpuu, 1994). Hip adduction 
and internal rotation occur during the absorptive phase of stance in the frontal and 
transverse planes respectively, with abduction and external rotation taking place from 
midstance through to toe off (TO). The hip begins to extend during the early part of the 
swing phase and reaches peak extension at roughly 75% of the gait cycle, from here the 
hip flexes to place the leg in position for IC (Novacheck, 1998; Ŏunpuu, 1994). The hip 
continues to internally rotate to a small degree throughout the swing phase of gait, with 
abduction occurring during the initial swing phase, before adducting during terminal 
swing.  
 
The knee flexes throughout the absorptive phase of stance, reaching peak flexion at mid-
stance (Figure 2.4) (Novacheck, 1998; Ŏunpuu, 1994). From midstance the knee extends 
through the propulsive phase of stance until maximum knee extension is reached at or 
around TO (Novacheck, 1998; Ŏunpuu, 1994). The knee continues to flex during the 
initial swing phase, reaching maximum knee flexion around 75% of the gait cycle before 
extending during terminal swing, reaching maximum extension just prior to ground 
contact (Novacheck, 1998; Ŏunpuu, 1994). 
 
The ankle is in a dorsi-flexed position upon IC, reaching peak dorsi-flexion at the end of 
the absorptive phase of gait (Figure 2.4) (Novacheck, 1998; Ŏunpuu, 1994; Rodgers, 
1988).  Once peak dorsi-flexion has been reached the ankle joint plantar-flexes throughout 
the propulsive phase of the running gait cycle (Novacheck, 1998; Ŏunpuu, 1994; 
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Rodgers, 1988). The ankle reaches peak plantar-flexion early in the swing phase, from 
which point the ankle dorsi-flexes through the remainder of the swing phase, this places 
the foot in position for IC when running with a RF strike pattern (Novacheck, 1998; 
Ŏunpuu, 1994). 
 
Figure 2.4. Sagittal plane hip, knee and ankle joint motion throughout the running gait 
cycle, the solid vertical line denotes toe off (reprinted with permission from Ŏunpuu, 
1994) 
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2.4.4. Foot Kinematics 
 
When looking at foot kinematics throughout the stance phase of running gait, it has been 
noted that IC is made with the lateral aspect of the calcaneus, with the foot in an inverted 
position, when running with a RF striking pattern (Figure 2.5) (Reinschmidt et al., 1997a; 
Rodgers, 1988; Clarke et al., 1984). While the sagittal plane orientation of the foot upon 
IC would vary with MF and FF striking patterns, due to the need for increased ankle joint 
plantar-flexion to facilitate these foot striking patterns, the foot is still liable to be in an 
inverted position upon IC. From the inverted position at IC, the foot everts throughout the 
absorptive phase of running gait (Figure 2.5). Eversion increases the compliance of the 
foot, allowing it to better adapt to its environment which increases stability (Blackwood 
et al., 2005). Additionally, eversion in conjunction with knee flexion, which occur 
simultaneously during the absorptive phase of stance, reduces the impact loading upon 
the musculoskeletal system (Jenkyn et al., 2009; McClay & Manal, 1998a; Hamill et al., 
1992; Clarke et al., 1983). Maximum eversion occurs between 40-50% of the stance 
phase (Figure 2.5) as the centre of gravity passes over the base of support, marking the 
end of the absorptive phase and the beginning of the propulsive phase of running gait 
(Reinschmidt et al., 1997a; Rodgers, 1988). Internal tibial rotation accompanies eversion 
during the absorptive phase of stance, due to the coupling of the tibia and foot via the 
talus (Stacoff et al., 2000; McClay and Manal, 1998a). The foot inverts throughout the 
propulsive phase of gait (Figure 2.5) (Stacoff et al., 2000; Reinschmidt et al., 1997a), 
reducing the compliancy of the foot and increasing the resistance to the vertical ground 
reaction force (Blackwood et al., 2005), enabling the foot to act effectively as a rigid 
lever, aiding in propulsion (Jenkyn et al., 2009; James et al., 1978). External rotation of 
the tibia accompanies inversion occurring during the propulsive phase of stance during 
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running (Stacoff et al., 2000), again brought about by the closed kinetic chain coupling 
of the subtalar joint and tibia, via the talus (McClay & Manal, 1998a). 
 
Figure 2.5. Frontal plane rearfoot motion during the stance phase of running for five 
participants measured using inter-cortical pins (solid lines) and skin/shoe based markers 
(dashed lines). Positive values denote eversion and negative values inversion (reprinted 
with permission from Reinschmidt et al., 1997a) 
 
Traditionally gait analysis using 3D motion capture has viewed the foot as a single rigid 
segment, with commonly used biomechanical models of the lower extremity using a 
single vector to represent the orientation of the foot (Davis et al., 1991; Kadaba et al, 
1989). This simplistic representation of the foot limits the useful information that can be 
gathered by disregarding the inter-segmental motion of the foot. Disregarding the motion 
of joints within the foot will increase the potential for violations of the rigid body 
assumption, made within conventional biomechanical models, leading to erroneous 
motion patterns being reported. Invasive studies (Lundgren et al., 2008; Wolf et al., 2008, 
Arndt et al., 2007) support the suggestion that inter-segmental foot motion will violate 
the rigid body assumption within single segment representations of the foot, with motion 
of up to 17.0°, 17.2° and 16.0° reported in the sagittal, frontal and transverse planes 
respectively, between different segments of the foot, during walking and running. 
Furthermore, these relatively large ROM between segments of the foot suggest potentially 
important motion patterns are overlooked when using single segment foot models. 
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MSFMs offer a means of overcoming the limitations associated with single segment 
representations of the foot, by providing information on the relative motion of different 
segments of the foot. For this reason, MSFM have the potential to further our 
understanding of how the foot moves throughout the gait cycle. The use of MSFM within 
gait analysis has increased over the past decade. In a review of MSFM, Bishop et al., 
(2012) identified 23 different foot models within the literature, with all of these developed 
after 1995. This increased use of MSFM coincides with advances in the resolution and 
accuracy of 3D motion analysis systems, enabling accurate tracking of markers in closer 
proximity. Currently the majority of work using MSFM has focused on walking. 
However, a number of studies have used MSFM to assess foot motion patterns during 
running. 
 
Shultz (2009) conducted the first study, known to the author, assessing inter-segmental 
foot motion during barefoot and shod running, using a modified version of the Jenkyn 
and Nicol (2007) foot model. This work suggests that the RF pronates, with respect to the 
MF segment, from a supinated position upon IC for the initial 30-50% of the stance phase, 
before plateauing through the middle-third of the stance phase and then continuing to 
pronate for the remainder of the stance phase. The motion of the FF with respect to the 
MF follows the same pattern as the RF motion throughout the stance phase of running 
gait, with a reduced magnitude. The FF pronates slightly with respect to the MF through 
the first 30-50% of the stance phase, before supinating through the beginning of the 
propulsive phase of gait and re-pronates through the final part of stance. MLA motion 
was also calculated within this work. The MLA motion pattern followed that of the RF 
with respect to the shank (Figure 2.5, pg 36), with the arch flattening (pronating) during 
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the absorptive phase of running gait, before rising as the foot supinated during the 
propulsive phase of gait. 
 
In contrast to the motion patterns reported by Shultz (2009), Monaghan et al., (2014) 
reported RF and FF motion patterns similar to the RF to shank motion pattern (Figure 2.5, 
pg 38). When reporting RF and FF motion relative to the horizontal within the laboratory 
frame of reference, Monaghan et al., (2014) reported an inverted position for both 
segments upon IC. From here, both the RF and FF everted until roughly MS before 
inverting through to TO. Again in contrast to Shultz (2009), the magnitude of frontal 
plane FF motion throughout the stance phase of running is reported to be greater than 
frontal plane RF motion by Monaghan et al., (2014).  
 
Sinclair et al., (2014a & b) provide the most comprehensive assessments of inter-
segmental foot motion during running. These authors used the 3DFoot model (Leardini 
et al., 2007) to compared 3D inter-segmental foot kinematics during treadmill and 
overground running (Sinclair et al., 2014a) and between genders (Sinclair et al., 2014b). 
These studies report that the MF everts relative to the RF from IC to roughly 30% of the 
stance phase from which point the MF inverts to TO. Sinclair et al., (2014a &b) reported 
that the FF inverts throughout the majority of the stance phase relative to the MF, with 
FF-MF eversion occurring in the final 10% of the stance phase. In the sagittal plane, the 
MF-RF motion pattern is similar to that of the ankle joint, with the MF dorsi-flexing in 
relation to the RF throughout the absorptive phase of stance before plantar-flexion 
throughout the propulsive phase. Sagittal plane FF-MF and FF-RF motion patterns are 
the opposite to those reported between the MF-RF, with plantar-flexion occurring 
throughout the absorptive phase of gait followed by dorsi-flexion during the propulsive 
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phase. In the transverse plane, Sinclair et al., (2014a &b) reported that MF-RF, FF-MF 
and FF-RF external rotation occurs throughout the absorptive phase of stance, followed 
by internal rotation throughout the propulsive phase. 
 
The different motion patterns reported between the cited studies (Sinclair et al., 2014a 
&b; Monaghan et al., 2014; Shultz 2009) may in part be explained by the different foot 
models used within the studies. Shultz (2009) used a modified version of the Jenkyn and 
Nicol (2007) foot model, reporting RF and FF motion relative to the MF, while Monaghan 
et al., (2014) and Sinclair et al., (2014a &b) used the 3DFoot model (Leardini et al., 
2007). However, Monaghan et al., (2014) reported on the motion of the RF and FF 
segments relative to the horizontal in the laboratory frame of reference, whereas Sinclair 
et al., (2014a & b) reported on the motion of the distal segment relative to the proximal 
segment. Additionally, some of the variance in motion patterns reported between studies 
may be due to the large inter-individual variation in inter-segmental foot motion patterns, 
as highlighted by Arndt et al., (2007).  
 
No previous work assessing foot motion throughout the swing phase of gait has been 
identified. It is speculated that the reason for the dearth of information regarding foot 
motion throughout the swing phase is due to the negligible role foot motion would play 
in generating momentum throughout the swing phase, with the primary role of foot 
motion during the swing phase being preparatory for the stance phase. 
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2.5. Running Injuries 
 
Running injury rates have been reported to be anywhere between 19.4% and 92.4% within 
the literature (Figure 2.6). A number of factors may explain some of the disparity in the 
reported injury rates between studies such as; the lack of a standardised definition of a 
running injury (Hespanhol Jr et al., 2013; Van Gent et al., 2007; Hreljac, 2005; Van 
Mechelen, 1992), differences in study designs (Malisoux et al., 2014; Tonoli et al., 2010) 
and differences in participant populations (Hespanhol Jr et al., 2013; Hreljac, 2005). 
Despite the lack of consensus regarding running injury rates, studies have revealed that 
the majority of running injuries are in the lower extremities (Tonoli et al., 2010; Buist et 
al., 2010; Van Middelkoop et al., 2008; Van Gent et al., 2007; Barr & Harrast, 2005; 
Taunton et al., 2002; Van Mechelen, 1992). Knee injuries account for 14% - 42.1% of all 
running injuries (Hespanhol Jr et al., 2013; Malisoux et al., 2014; Buist et al., 2010; Van 
Middelkoop et al., 2008; Taunton et al., 2002), while lower leg injuries account for 9% - 
38.5% (Malisoux et al., 2014; Buist et al., 2010; Van Middelkoop et al., 2008; Taunton 
et al., 2002) and foot/ankle injuries 14% - 33.6% (Hespanhol Jr et al., 2013; Lun et al., 
2013; Tonoli et al., 2010; Taunton et al., 2002). One factor influencing running injury 
location is the runner’s level of experience. Tonoli et al., (2010) revealed that lower leg 
(34.9%) injuries are most prevalent in novice runners, while ankle/foot (33.6%) and neck 
(26%) injuries are most common in recreational and competitive runners respectively. 
Interestingly knee injuries accounted for a similar proportion of running injuries 
regardless of running experience (novice runners 31.1%, recreational runners 33.2% and 
competitive runners 26%). 
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Figure 2.6. Reported running injury rates from studies undertaken over the past three decades. * indicate data taken from Van Gent et al., (2007) 
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 The majority of running related injuries are chronic overuse injuries (Saragiotto et al., 
2014; Ferber et al., 2009; Hreljac, 2005; Brill & Macera, 1995; Van Mechelen, 1992) and 
are believed to be the result of the cumulative effect of micro-trauma that overloads 
structures within the musculoskeletal system, resulting in failure (Saragiotto et al., 2014; 
Ferber et al., 2009; Hreljac et al., 2000; Clement & Taunton, 1980). The theoretical 
relationship between stress levels (loading) and frequency (exposure), in relation to 
injury, is displayed visually in Figure 2.7 and highlights that lower levels of stress are 
required to cause injury as exposure frequency increases. It is estimate that the foot 
contacts the floor roughly 600 times per kilometre when running (Willems et al., 2006), 
as such exposure frequency would be high, especially over longer running distances or 
durations, therefore reducing the stress magnitude required to result in injury. At this time 
it is important to note that the human body is a dynamic system that adapts to the stresses 
placed upon it. If the stress/frequency combination applied to the body is below yet close 
enough to the injury threshold then positive remodelling of tissues may occur, providing 
adequate rest periods are given (Nigg, 2010 pg 25; Hreljac, 2004). This in turn would 
result in an upwards shift in the injury threshold in Figure 2.7 and may explain the reduced 
injury incidence reported in higher calibre runners (Tonoli et al., 2010).  
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Figure 2.7. Stress frequency curve, showing the theoretical relationship between the 
magnitude and frequency of applied stress, and the influence of these variables on injury 
threshold (reprinted with permission from Hreljac, 2005) 
 
While the stress frequency relationship may explain the development of running related 
injuries, the etiology remains ambiguous despite numerous epidemiological studies. 
Traditional running injury paradigms, that suggest excessive pronation and/or impact 
forces are key causal factors in the development of running related injuries, have 
remained prevalent (Dierks et al., 2011; Ferber et al., 2009; Cheung & Ng, 2007; Barr & 
Harrast, 2005; Hreljac, 2004). The origins of the traditional running injury paradigms are 
unclear, but Davis (2014) suggests that the paradigms are the result of collaborative work 
between Nike and three prominent sports podiatrists in the late 1970’s and early 1980’s. 
Davis suggests that the clinicians speculated, despite a lack of empirical evidence, that 
running injuries were likely caused by excessive pronation and impact forces. If this is 
indeed the origin of the paradigms, the excessive pronation aspect is liable to be directly 
related to the Root paradigm (discussed in Section 2.3.1, pg 12). The lack of empirical 
evidence to support the traditional running injury paradigms has led to the development 
of alternative injury models (Nigg, 2001; Hamill et al., 1999).  
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Nigg (2001) proposed two alternative concepts, muscle tuning and the preferred motion 
pathway, in relation to how impact forces and pronation could relate to running injuries. 
Nigg (2001) suggested that impact forces should not be considered a major contributing 
factor in the development of running related injuries, as impact loading during running is 
below the injury threshold for bone, cartilage and soft tissue. Rather, impact forces should 
be viewed as an input signal to the body that can be categorised by amplitude and 
frequency. Upon impact, a shock wave propagates throughout the body, resulting in bone 
and soft tissue vibrations. If the frequencies of the impact force and tissue vibrations are 
of a similar magnitude, resonance may occur. Muscular activation dampens these soft 
tissue vibrations during running and Nigg (2001) proposed that the body uses the 
frequency of the impact force to determine the level of muscular pre-activation prior to 
the next ground contact in order to create a damped vibrating system, reducing subsequent 
soft tissue vibrations. Muscle tuning is suggested to influence fatigue and may alter the 
risk of running related injury. If muscle tuning increases muscular fatigue then the risk of 
running related injury is liable to increase in line with the stress/frequency relationship 
(Figure 2.7, pg 43).  
 
The preferred motion pathway suggests that the body has a preferred motion pathway or 
pattern, which is determined by an individual’s anatomical structure and motor control 
patterns (Nigg, 2001). This preferred motion pathway is suggested to be the most 
economical motion pattern for that individual. Therefore it could be argued that, 
providing the preferred motion pathway is not on the absolute physiological extremes of 
joint ROM, then the preferred motion pathway may reduce running related injury risk.  
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Hamill et al., (1999) utilised a dynamical systems approach to explore the continuous 
relative phase2 coupling and variability between the thigh and shank during running, 
between injured and control groups. The findings revealed that the injured group had a 
reduction in continuous relative phase variability compared to the non-injured control 
group. This reduction in movement variability indicates highly stable motion patterns, 
which may increase injury risk in line with the stress/frequency relationship. However, 
the authors’ state that the lack of variability reported for the injured group is not indicative 
of a causal relationship between reduced movement variability and running related injury. 
To further explore this relationship, the authors advocated prospective case-control 
studies to explore the influence of movement variability upon running injury risk. The 
same is true for the muscle tuning and preferred movement pathway paradigms proposed 
by Nigg (2001). As such these newer running injury paradigms require further exploration 
and as such the traditional injury paradigms remain prevalent within the literature (Dierks 
et al., 2011; Ferber et al., 2009; Cheung & Ng, 2007; Barr & Harrast, 2005; Hreljac, 
2004). 
 
While epidemiological studies have thus far failed to identify the underlying causes of 
running related injuries, a number of risk factors have been identified, and these factors 
can be split into intrinsic and extrinsic categories. Intrinsic factors relate to the runner and 
include: personal characteristics (age, gender and mass), biomechanics (running 
technique and/or muscular weakness or imbalances), behaviour, previous injury history, 
anatomical structure/deviations (including foot type), running experience and flexibility 
(Ferber et al., 2009; Van Middelkoop et al., 2008; Tweed et al., 2008; Lun et al., 2004; 
Taunton et al., 2002; Williams et al., 2001b; Hreljac et al., 2000; Hinterman & Nigg, 
                                                          
2 A measure of the phase space (space which represents all systems) relationship between two segments 
(Lamb & Stöckl, 2014) 
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1998; Cowan et al., 1993; Van Mechelen, 1992; Clement & Taunton, 1980). Extrinsic 
factors relate to training variables such as running mileage, duration and frequency 
(Hespanhol Jr et al., 2013; Van Gent et al., 2007; Hreljac, 2005; Brill & Macera, 1995; 
Brody 1982; Clement & Taunton, 1980; James et al., 1978), or factors such as shoes and 
running surface (Buist et al., 2010; Hreljac, 2005; Yeung & Yeung, 2001; Hinterman & 
Nigg, 1998; Van Mechelen, 1992; Brody, 1982). While all of the aforementioned risk 
factors are cited in the development of running related injuries, the evidence to support 
these links is often contradictory. Training variables, such as training duration, frequency 
and mileage, and previous injury are the risk factors with the strongest evidence base 
(Van Gent et al., 2007; Yeung & Yeung, 2001; Brill & Macera, 1995). The link between 
running surface or shoes and injury is generally speculative and based upon traditional 
paradigms. The following section will review the evidence regarding the influence of foot 
type upon running injury risk. 
 
2.5.1. Foot Type and Injury Risk 
 
Foot type is commonly cited as a factor influencing running related injury risk (Dierks et 
al., 2011; Buist et al., 2010; Tweed et al., 2008; Cheung & Ng, 2007; Hreljac, 2005; Lun 
et al., 2004; Michelson et al., 2002; Taunton et al., 2002; Williams et al., 2001a, b; Duffey 
et al., 2000; Hreljac et al., 2000; Cowan et al., 1993; Franco, 1987; Brody, 1982; Clement 
& Taunton, 1980; James et al., 1978). It has also been suggested that recreational runners 
and coaches perceive foot type to be an important factor influencing running injury risk 
(Hinterman & Nigg, 1998). A recent study (Saragiotto et al., 2014) identified a number 
of factors that recreational runner’s believe to influence running injury risk. The findings 
of this study support the notion that recreational runners associate foot type with running 
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injury risk, with 14 out of 95 runners stating that foot type was an intrinsic risk factor in 
the development of running related injuries. Furthermore, 22 participants stated that 
wearing the wrong type of running shoe for your foot type was an extrinsic factor in the 
development of running related injuries. Only one intrinsic risk factor was cited more 
frequently than foot type as being an important risk factor in the development of running 
related injuries and that was not respecting the body’s limited (n = 18). Excessive training 
(n = 28) and not stretching (n = 31) were the only extrinsic risk factors cited more 
frequently by participants as being related to running injury risk than wearing the wrong 
shoe for your foot type. 
 
As discussed in section 2.3 (pg 11), foot type maybe classified using either static or 
dynamic means. The basic premise linking foot type, determined using either static or 
dynamic means, and running related injury risk is that the unique motion patterns 
associated with each foot type will alter the manner in which structures of the body are 
stressed, resulting in different injury patterns between each foot classification group 
(Ferber et al., 2009; Barr & Harrast, 2005; Michelson et al., 2002; Williams III et al., 
2001a, 2001b; Hamill et al., 1999; McClay & Manal, 1998; Franco, 1987; James et al., 
1978). Within the literature (Williams III et al., 2001a, 2001b; Hamill et al., 1999; 
McClay & Manal, 1998a; James et al., 1978) the foot motion patterns associated with the 
pronated and supinated foot type are often referred to as abnormal and within this context 
abnormal foot motion refers to excessive or mistimed pronation and/or supination (Ferber 
et al., 2009; Hamill et al., 1999; Brody, 1982; James et al., 1978). Based upon this 
premise, a link between foot type and running related injury risk appears logical. 
However, the findings of studies exploring the association between foot type and running 
related injury risk are contradictory. 
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The majority of the literature (Neal et al., 2014; Tong & Kong 2013; Nakhaee et al., 2008; 
Lun et al., 2004; Michelson et al., 2002; Williams et al., 2001b; Duffey et al., 2000; 
Cowan et al., 1993) in this area has look to determine the relationship between static foot 
posture and running injury risk. Support for an association between static foot type and 
running related injury risk is provided by Yates and White (2004), Williams et al., 
(2001b), Duffey et al., (2000) and Cowan et al., (1993). Cowan et al., (1993) undertook 
a prospective study following a cohort of 246 US army recruits throughout a 12 week 
training programme. These authors used arch characteristics to classify the foot statically 
and reported increased adjusted odds ratios for neutral (2.96) and supinated (6.12) foot 
classification groups compared to the pronated foot type. These findings therefore suggest 
that the pronated foot type reduces injury risk, while the greatest injury risk is associated 
with the supinated foot type. Cowan et al., (1993) also reported that recruits with a 
supinated foot type had a significantly (no p value reported) increased risk of knee and 
foot injuries.  
 
Duffey et al., (2000) supports the link between a supinated foot type and increased risk 
of knee injuries. These authors explored the etiological factors associated with anterior 
knee pain by comparing a number of variables, including foot type as measured by the 
arch index, between distance runners with (n = 99) and without (n = 70) anterior knee 
pain. The injured cohort had significantly lower arch index scores, indicating a more 
supinated foot type. Furthermore, the injured group had a significant reduction in RF 
eversion of 25% during the first 10% of the stance phase of running gait, compared to the 
control group. Duffey et al., (2000) suggest that this may be indicative of the increased 
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rigidity theoretically associated with the supinated foot type, reducing shock attenuation 
and potentially increasing the risk of overuse injuries.   
 
Williams et al., (2001b) further supports an association between static foot posture and 
running injury risk, however the findings contradict those of Cowan et al., (1993) and 
Duffey et al., (2000). This study explored injury patterns in runners with pronated and 
supinated feet, with foot type determined using the arch index. Overall, injury rates were 
comparable between the two groups, with 64 reported injuries in the pronated group and 
70 injuries in the supinated group. However, significant between group differences were 
reported when injury patterns were compared. The pronated group displayed significantly 
more medial injuries, soft tissue injuries and knee injuries. In comparison, the supinated 
group presented significantly more lateral injuries, bony injuries and foot/ankle injuries. 
The prevalence of specific injuries also differed between the foot types. Knee pain, 
patellar tendinitis and stress fractures to the second and third metatarsal heads were more 
common within the pronated group. Iliotibial band friction syndrome, lateral ankle 
sprains and fifth metatarsal stress fractures were more prevalent within the supinated 
group. Yates and White (2004) provide further support for the notion that foot type alters 
injury risk. This study explored the risk factors associated with medial tibial stress 
syndrome and found that those with a pronated foot type, as determined by the FPI-6, 
were more at risk of developing medial tibial stress syndrome.  
 
While the information above reveals a lack of agreement regarding whether foot type 
increases or decreases the risk of running related injuries in general, it does appear that a 
link between foot type and running related injury exists. Recent review articles by both 
Neal et al., (2014) and Tong and Kong (2013) agree with this. Both reviews concluded 
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that static foot posture was a significant risk factor in the development of running related 
injuries, however only a small part (effect size .28-.33) of the etiology of running related 
injuries is explained by foot type. This therefore suggests that the link between foot type 
and running related injury risk is valid.  
 
A number of studies (Nakhaee et al., 2008; Lun et al., 2004; Michelson et al., 2002) have 
failed to identify a relationship between foot classification and running injury risk. Some 
of the disparity between these studies (Nakhaee et al., 2008; Lun et al., 2004; Michelson 
et al., 2002) and those (Williams et al., 2001b; Duffey et al., 2000; Cowan et al., 1993) 
supporting a relationship between foot type and injury risk may be explained by 
differences in study designs and subject cohorts. Nakhaee et al., (2008) and Michelson et 
al., (2002) both recruited competitive runners and failed to identify a relationship between 
foot type and injury risk, while Williams et al., (2001b), Duffey et al., (2000) and Cowan 
et al., (1993) recruited recreational runners and army recruits respectively and reported 
significant relationships between foot type and injury risk. The findings of these studies 
therefore suggest that foot type may have a greater influence upon running injury risk in 
recreational runners. Finally, differences in the foot classification tools utilised within 
these studies and the reported small effect size (.28-.33) of the association between foot 
classification and running injury risk may further explain the differences between studies.  
 
While the information reviewed within this section thus far has focused on the 
relationship between foot posture measured statically and running injury risk there is a 
growing body of evidence to support the notion that alterations in gait patterns alter 
running injury risk (Chang et al., 2014; Rice et al., 2013; Pohl et al., 2008; Williems et 
al., 2006; Williams et al., 2001b). In line with the traditional running injury paradigms 
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the majority of this work has focused on the assessment of RF eversion or other means of 
estimating pronation. Increased rearfoot eversion, as would be theoretically demonstrated 
by those with a pronated foot type, has been shown to increase the risk of lower leg pain, 
tibial stress fractures and plantar fasciitis (Chang et al., 2014; Pohl et al., 2008; Willems 
et al., 2006). Other kinematic parameters, that maybe representative of the hyper-mobile 
pronated foot type, such as increased forefoot plantar-flexion at IC and range of motion 
(ROM) have been demonstrated by individuals with plantar fasciitis (Chang et al., 2014). 
 
Furthermore, a number of kinetic variables that have been associated with a pronated foot 
type have been shown to increase running related injury risk (Rice et al., 2013; Willems 
et al., 2006; Williams et al., 2001b). As well as exploring the relationship between static 
foot posture and running injury risk Williams et al., (2001b) also assessed the centre of 
pressure deviation during running of participants. The findings of this aspect of their work 
revealed that runners with a supinated foot type have less medial excursion of the centre 
of pressure compared to the runners with the pronated foot type. This would likely result 
in increased loading under the lateral side of the foot in the supinated group and may help 
to explain the increased prevalence of fifth metatarsal stress fractures reported by runners 
with this foot type. In contrast, the increased medial excursion of the centre of pressure 
displayed by participants with a pronated foot type may help to explain the increased risk 
of medial injuries and second and third metatarsal stress fractures. Willems et al., (2006) 
and Rice et al., (2013) also support the association plantar loading and increased running 
related injury risk. These studies reported that increased medial loading of the foot 
resulted in increased risk of lower leg pain and ankle inversion sprains respectively. 
Increased medial plantar loading would likely be associated with the pronated foot type 
given the increased medial excursion of the centre of pressure (Williams et al., 2001b). 
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The information presented throughout this section supports a link between foot type, alter 
motion patterns and running injury risk. As such running shoes may offer a viable means 
of reducing the injury rate within recreational running (Lilley et al., 2012; Rose et al., 
2011; Cheung & Ng, 2008, 2007; Butler et al., 2007; Willems et al., 2006; Bobbert, 
Yeadon & Nigg, 1992), by controlling foot pronation or increasing force attenuation upon 
ground contact (Butler et al., 2007; Reinschmidt, 2000; Nigg & Segesser, 1992).  
 
2.6. Running Shoes 
 
The surge in recreational running (Table 2.1, pg 9) and the subsequent rise in the market 
for running shoes has led to major advances in both running shoe design and research. 
The key factors in running shoe design are injury prevention and performance 
enhancement (McPoil, 2000; Reinschmidt & Nigg, 2000; Nigg & Segesser, 1992). To 
achieve these goals, running shoes are constructed to optimise the function of the foot and 
reduce excessive movement or force transmission (McPoil, 2000; Reinschmidt & Nigg, 
2000; Nigg & Segesser, 1992). In line with the traditional running injury paradigms 
(discussed in Section 2.5, pg 40), running shoes are designed with motion control 
(guidance) and cushioning features (Davis, 2014; Reinschmidt & Nigg, 2000; Nigg & 
Segesser, 1992). Motion control features aim to position the foot in the optimum 
orientation for propulsion and reduce the amount and/or rate of pronation (Davis, 2014; 
Nigg & Segesser, 1992; Clarke et al., 1984). Cushioning features aim to reduce the rate 
and/or magnitude of force transmission to the musculoskeletal system (Davis, 2014; 
Butler et al., 2007; Reinschmidt & Nigg, 2000).  
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The current model for recommending running shoes classifies shoes based upon their 
motion control and cushioning features, into motion control, neutral and cushioned 
categories (Figure 2.8). The motion control and cushioning features within each type of 
running shoe are designed specifically to meet the perceived needs of runners within each 
foot classification group (ASICS, 2014; Butler et al., 2007; Asplund & Brown, 2005; 
McPoil, 2000). As such the current recommendation model suggests running shoes based 
upon foot type (Figure 2.8). The names given to each category of running shoe differs 
between manufactures (ASICS, 2015c; Brooks, 2015; New Balance, 2015; Nike, 2015a; 
Saucony, 2013), retailers (Up and Running, 2015; Runners Needs, 2015; 
SportsShoes.com, 2015; Sweat Shop, 2015) and within the literature (Davis, 2014; 
Runners World, 2015a). For clarity the terms motion control, neutral and cushioned will 
be used exclusively throughout this thesis to describe different types of running shoe.  
 
Figure 2.8. Running shoe classification continuum and recommendation system based 
upon foot type 
 
Motion control shoes are designed to reduce excessive pronation, in order to enhance the 
propulsive efficiency of the foot and are therefore recommended to runners with a 
pronated foot type (Figure 2.8) (ASICS, 2014; Davis, 2014;  Brooks, 2013; Nike, 2013; 
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Saucony, 2013; Butler et al, 2007; Asplund & Brown, 2005; Prichard, 2001). Runners 
with a supinated foot type are recommended cushioned shoes (Figure 2.8), designed to 
enhance force attenuation upon ground contact, as the supinated foot is thought to have 
limited shock attenuation capacity (ASICS, 2014; Davis, 2014; Brooks, 2013; Nike, 
2013; Saucony, 2013; Asplund & Brown, 2005; Prichard, 2001; Williams III et al., 
2001a). While runners with a neutral foot type are recommended neutral shoes (Figure 
2.8), which combine motion control and cushioning features (ASICS 2014; Davis, 2014 
Brooks, 2013; Nike, 2013; Saucony, 2013; Butler et al., 2007; Asplund & Brown, 2005; 
Prichard, 2001).  
 
In order to better understand the differences between the three types of running shoe 
understanding the anatomy of a running shoe is important. The running shoe can be split 
into three main sections; the outer sole, the midsole and the upper (Figure 2.9). The outer 
sole is the durable layer on the exterior plantar aspect of the shoe which makes contact 
with the ground and provides traction (Prichard, 2001; McPoil, 2000). Transverse and/or 
longitudinal grooves maybe cut in to the outer sole of the shoe to increase the flexibility 
of the shoe along the line of the grooves; however this in turn reduces the shoes ability to 
control foot motion (Asplund & Brown, 2005; Prichard, 2001). The midsole provides 
motion control and cushioning properties (Asplund & Brown, 2005; Prichard, 2001; 
McPoil, 2000) and is viewed as the most important aspect of the shoe (Asplund & Brown, 
2005). In order to provide both motion control and cushioning features the midsole is 
made from viscoelastic materials such as ethylene vinyl acetate (EVA) or polyurethane 
(PU) (Asplund & Brown, 2005; McPoil, 2000). Dual or multi density midsoles are 
commonly used to provide motion control, with firmer density materials used on the 
medial aspect of the sole, to reduce sole deformation in this region in the hope of reducing 
pronation (Prichard, 2001; McPoil, 2000). Softer density midsoles are used on the lateral 
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aspect of the shoe, especially at the lateral edge of the RF where IC occurs during RF 
striking running patterns, to increase force attenuation and dissipation (Prichard, 2001). 
Air or gel pockets are commonly incorporated into the midsole to further enhance the 
cushioning provided by this aspect of the shoe (Asplund & Brown, 2005; Prichard, 2001; 
McPoil, 2000). The main aspects of the running shoes upper are the heel counter, mid-
panels, lacing system and the insole (Figure 2.9). The heel counter is the reinforced 
section at the posterior aspect of the shoe which aims to limit RF motion, by stabilizing 
the calcaneus and thus limiting subtalar joint rotations (Asplund & Brown, 2005; 
Prichard, 2001; McPoil, 2000; Heil, 1992). The mid-panels of the running shoe coupled 
with the lacing system provide support and torsion control across the MF (Asplund & 
Brown, 2005). While the insole has the potential to increase force attenuation and 
decrease the frictional forces acting between the foot and the sole (Asplund & Brown, 
2005).  
 
Figure 2.9. Anatomy of a running shoe; split into three sections the upper, midsole and 
outer sole 
 
The means of attaching the upper of the shoe to the sole and the shape of the shoe, both 
referred to as the shoe last, influence the motion control and cushioning properties of the 
shoe. The shoe upper may be attached to the sole by one of three means; board, slip or 
56 
 
combination lasting (Asplund & Brown, 2005; Prichard, 2001; Heil, 1992). Board lasting 
increases the shoes ability to control motion by providing a more stable base, but this 
decreases the force attenuation properties of the shoe by reducing the shoes flexibility 
(Asplund & Brown, 2005; Prichard, 2001; Heil, 1992). Slip lasting increases the 
flexibility of the shoe, resulting in greater cushioning but reduces the shoes ability to 
control foot motion (Asplund & Brown, 2005; Prichard, 2001; Heil, 1992). While 
combination lasting commonly utilizes board lasting at the RF, to provide stability in this 
region, and slip lasting in the FF, to increase FF flexibility (Asplund & Brown, 2005; 
Prichard, 2001; Heil, 1992). The shape of the shoe can also be split into three categories; 
curved, semi curved or straight lasts. A straight last provides a more rigid and stable 
structure, while the curved last which is typified by an adducted FF section of the shoe 
provides greater flexibility (Asplund & Brown, 2005; Prichard, 2001; Heil, 1992). The 
semi curved last provides a medium between the curved and straight lasts, with a degree 
of flexibility and FF adduction (Asplund & Brown, 2005; Prichard, 2001; Heil, 1992).  
 
Neutral running shoes are typically constructed using semi curved and combination lasts, 
combined with dual density midsoles and medial posting (Asplund & Brown, 2005). 
Motion control shoes use straight lasts and the board lasting attachment technique to 
provide a rigid base, with dual or multi density midsoles that aim to reduce pronation 
throughout the stance phase (Asplund & Brown, 2005; Prichard, 2001; McKenzie, 
Clement & Taunton, 1985). Wide heel flares provide stability, a rigid heel counter and 
additional medial posting in the midsole provide additional pronatory control mechanisms 
within motion control running shoes (Asplund & Brown, 2005; McKenzie, Clement & 
Taunton, 1985). Finally, cushioned shoes use a softer midsole density compared to 
motion control and neutral shoes to theoretically increase force attenuation and shoe 
flexibility (Asplund & Brown, 2005; Prichard, 2001). The slip lasting technique and a 
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curved or semi curve last further increase the flexibility of the shoe, with a view to 
increasing foot motion (Asplund & Brown, 2005; Prichard, 2001). Additional cushioning 
features such as gel or air pockets are commonly incorporated into the soles of neutral 
and cushioned running shoes in the hope of further enhancing the force attenuating ability 
of these shoes. 
 
The current model for recommending running shoes to recreational runners, which uses 
foot type to recommend running shoes (Figure 2.8, pg 53), is underpinned by four 
assumptions (Griffiths, 2012); 
1. Excessive pronation and/or impact forces are causal factors in the development of 
running related injuries 
2. A neutral gait pattern reduces injury risk 
3. Static foot classification can predict dynamic foot motion 
4. Running shoes can control the magnitude and/or rate of both foot motion and 
impact loading 
The etiology and risk factors of running related injuries have been discussed previously 
within this chapter (Section 2.5, pg 40), as has the extent to which static foot classification 
measures can predict aspects of dynamic foot motion (Section 2.3.1, pg 12). The 
remainder of this chapter will review the available literature exploring the fourth 
assumption within the running shoe recommendation model. 
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2.6.1. The Influence of Different Types of Running Shoe on Foot and Lower Limb 
Kinematics 
 
The seminal work of Clarke et al., (1983) appears to have been the catalyst for the 
construction of motion control, neutral and cushioned running shoes. This study aimed to 
determine the influence of different shoe design parameters on the magnitude and rate of 
RF eversion during running. Clarke et al., (1983) recruited a cohort of ten runners, 
described only as ‘well-trained rearfoot strikers’, who ran between 50km and 130km per 
week. Participants ran on a treadmill at the standardised running velocity of 3.8m.s-1. 
Thirty six different running shoe configurations were tested, with midsole density, heel 
height and heel flare angle systematically altered, using all possible combinations of the 
variables shown in Table 2.9. Four markers were used to calculate RF eversion, with two 
markers aligned vertically on the posterior aspect of the shoes heel counter and two 
markers 20cm apart on the central, posterior aspect of the shank. 2D measures of RF 
eversion were captured during dynamical trials using high speed video, sampling at 
200Hz. Participants ran for two minutes in each shoe, with two to three minutes rest 
between each shod condition.  
 
Table 2.9. Midsole densities, heel heights and heel flare angles tested within the work of 
Clarke et al., (1983) 
Midsole Densities Heel Heights Heel Flare 
Angles† 
Soft (25 durometer*) 10mm (no heel lift, 10mm midsole) 0° 
Medium (35 durometer*) 20mm (10mm heel lift, 10mm midsole) 15° 
Hard (45 durometer*) 30mm (20mm heel lift, 10mm midsole) 30° 
 30mm (10mm heel lift, 20mm midsole)  
* Measured on a Shore A hardness scale 
†Heel flare angles were uniform, as such the heel flare angle corresponds to the angle formed between either 
the medial or lateral heel flare and the vertical 
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 The findings of this work revealed that shoes constructed with a softer midsole density 
significantly increased maximum RF eversion (soft = -13.3°; medium = -11.3°; hard = -
10.6°), total RF motion (soft = 17.9°; medium = 16.6°; hard = 15.8°) and time to 
maximum RF eversion velocity (soft = 30.0ms; medium = 26.3ms; hard = 23.6ms). No 
significant differences were reported between the medium and hard midsole densities for 
maximum RF eversion or total RF movement, but time to maximum RF eversion velocity 
was significantly shorter with the harder density midsole. Increases in heel flare angle 
from 0° to 15° and 30° were found to significantly decrease maximum RF eversion (0° = 
-12.6°; 15° = -11.4°; 30° = -11.1°), total RF motion (0° = 17.5°; 15° = 16.7°; 30° = 16.2°) 
and time to maximum RF eversion velocity (0° = 28.1ms; 15° = 26.3ms; 30° = 25.5ms). 
Although no significant differences were found between shoes with 15° and 30° heel flare 
angles, the magnitude of all three variables were reduced with a 30° heel flare angle. No 
significant differences in maximum RF eversion or total RF motion were reported 
between the different heel heights assessed. However, significant differences in time to 
maximum RF eversion velocity were reported between all heel heights (10mm = 21.9ms; 
20mm = 25.5ms; 30mm with 20mm heel lift = 29.7ms; 30mm with 10mm heel lift = 
29.3ms), expect the final two modifications where heel height totalled 30mm in both 
conditions.  
 
When assessing the combined influence of midsole density and heel flare angle upon RF 
eversion, Clarke et al., (1983) revealed that the softest midsole density coupled with a 0° 
heel flare angle allowed the greatest amount of RF eversion. Combining the hardest 
density midsole and 30° heel flare angle allowed the least amount of RF eversion. These 
combinations are evident within the different types of running shoes available today, 
motion control running shoes combine harder density midsoles and wider heel flares, 
which would be liable to increase the heel flare angle, in order to reduce RF eversion 
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(Asplund & Brown, 2005). In contrast neutral running shoes, use softer density midsoles 
and reduced heel flare angles to increase RF eversion with a view to increasing force 
attenuation (Asplund & Brown, 2005).  
 
While the findings of this seminal work have provided a valuable insight into the 
influence of different sets of modifications upon RF motion during running, and have 
driven running shoe design over the past three decades (Rose et al., 2011), the approach 
utilized within the study was restricted due to technological limitations of the time. Clarke 
et al., (1983) calculated RF eversion in two stages; initially determining the angle formed 
between the vector connecting the two markers on the shank and the vertical axis of the 
laboratory, and then the vector connecting the markers on the heel counter and the vertical 
axis of the laboratory. The difference between the shank and RF angles in relation to the 
vertical of the laboratory was calculated, with the resultant angle providing an indication 
of RF eversion. Soutas-Little et al., (1987) highlighted a number of issues with this 
approach to calculating RF eversion, due to the recorded vectors not representing the true 
length or orientation of the actual vectors on the participant. These discrepancies between 
the recorded and true vector lengths and orientations, which are the result of out of plane 
rotations, result in erroneous motion patterns being reported (Soutas-Little et al., 1987).  
To overcome this issue Soutas-Little et al., (1987) developed a joint co-ordinate system 
to calculate the motion of the foot relative to the shank in 3D. Soutas-Little et al., (1987) 
compared RF eversion motion patterns calculated using their joint co-ordinate system and 
the method used by Clarke et al., (1983). The findings of this work revealed differences 
of 20% in maximum eversion angles between the two calculation methods, with the 
largest discrepancies at the beginning and end of the stance phase. This finding is 
supported by the work of McClay and Manal (1998b) who compared RF eversion 
calculated using the methods of Clarke et al., (1983) (2D) and Soutas-Little et al., (1987) 
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(3D), in a group of 18 recreational runners running at 3.35m.s-1 on a treadmill. These 
authors reported significant differences in RF eversion at IC (2D = -1.9°; 3D = -3.5°) and 
TO (2D = 10.4°; 3D = -1.6°). In addition to overcoming the issues of out of plane 
rotations, assessment of foot motion in 3D enables all of the individual components of 
pronation to be calculated and therefore compared between different conditions; whereas, 
calculating RF eversion alone provides only an estimate of foot pronation (Clarke et al., 
1984).  
 
Additionally, Clarke et al., (1983) placed markers on the heel counter of the shoe to 
estimate in-shoe foot motion. The use of shoe based markers introduces further errors into 
the calculation of foot motion, due to differences between the motion of the foot within 
the shoe and the motion of the shoe, as revealed by the later work of Stacoff et al., (1992) 
and Sinclair et al., (2013a). Using a method similar to Clarke et al., (1983), Stacoff et al., 
(1992) demonstrated a systematic shift of ~10° between shoe-eversion and heel-eversion 
(movement of the heel within the shoe), with shoe-eversion suggesting a more inverted 
RF. Additionally, significant differences in shoe-eversion ROM (14.1° ± 3.8°) and heel-
eversion ROM (12.1° ± 3.7°) were reported. Sinclair et al., (2013a) supports the notion 
that there are significant disparities in kinematics derived from shoe and skin based 
markers respectively. Although, rather than the over estimation of foot motion by shoe 
based markers, this study revealed significant reductions in frontal and transverse plane 
foot motion when calculated using shoe based markers. While there are differences 
between these studies (Sinclair et al., 2013a; Stacoff et al., 1992), in relation to the impact 
of shoe based markers on the reported foot motion patterns, both support the argument 
that shoe based markers do not accurately replicate the motion of the foot within the shoe. 
Means of overcoming these limitations are discussed in detail later in Section 2.6.2 (pg 
68). 
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Since this seminal work, running shoe research has looked to further explore how 
alterations to single aspects of the running shoe influence foot and lower limb kinematics 
and ground reaction forces. This has typically involved systematic alterations to midsole 
density, heel counter rigidity, heel flare angle and architecture within specially designed 
running shoes. The findings of studies exploring the influence of systematic alterations 
to the running shoe upon running kinematics are presented in Appendix II. At this time it 
should be noted that a number of studies (Addison & Lieberman, 2015; Dinato et al., 
2014; Milani et al., 1997; McNair & Marshall, 1994; Nigg & Bahlsen, 1988; Nigg & 
Morlock, 1987) have explored the influence of alterations to running shoes design 
features upon running kinetics, however the focus of this thesis is on running kinematics 
and as such these studies are beyond the scope of this work. 
 
While studies exploring the influence of systematic alterations to running shoe 
characteristics have helped to increase our understanding of how individual aspects of the 
shoe influence foot and lower limb motion, they provide limited information on how 
different types of running shoe, combining these features, influence foot and lower limb 
motion. It is for this reason that authors (Griffiths, 2012; Richards et al., 2009; 
Reinschmidt & Nigg, 2000) have questioned the evidence currently used to recommend 
running shoes to recreational runners. A recent systematic review of motion control 
running shoes by Cheung, Wong and Ng (2011), concluded that motion control running 
shoes are effective at reducing RF eversion, but have little influence on the kinematics of 
the proximal segments. However, 10 out of the 14 studies included within this review 
involved systematic alterations to the running shoe, with three of the remaining four 
studies using running sandals, participants own running shoes or unspecified 
commercially available running shoes and the final study did not report the type of 
running shoe used within the study. As such the cited studies did not explore the influence 
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of motion control running shoes as suggested by the authors and therefore the findings of 
this review should be interpreted with caution.  
 
In the earliest study known to this author comparing different types of running shoe upon 
running kinematics, Stefanyshyn et al., (2003) explored the influence of neutral and 
motion control running shoes upon maximal RF eversion. Forty-two male and forty-one 
female recreational runners were recruited and asked to self-report as either a pronator or 
neutral runner. A small but significant reduction of 1.4° in maximal RF eversion was 
recorded for males who self-classified as pronators (neutral = 13.1°; motion control = 
11.7°). However, no significant differences in maximal RF eversion were reported 
between the neutral and motion control shoes for the self-classified neutral male (neutral 
= 11.0°; motion control = 10.1°) or female (neutral = 8.7°; motion control = 8.9°) runners, 
or females who self-classified as pronators (neutral = 8.2°; motion control = 9.3°). The 
different responses to the running shoe conditions between the males and females was 
attributed to the running shoes used within this study. All participants wore standardised 
running shoes that the authors suggested were too firm for female runners. This 
suggestion was based upon the findings for vertical ground reaction force and subjective 
comfort measures and the authors suggest that this demonstrates the need for different 
running shoe constructions for males and females. Discounting the female data for this 
reason, the findings of this study partially support the efficacy of motion control running 
shoes for reducing RF eversion in male runners, especially those who classify themselves 
as a pronator. 
 
Cheung and Ng (2007) compared RF eversion in 25 female recreational runners with over 
pronated feet, using standardised motion control and neutral running shoes. The influence 
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of each type of shoe was explored in both pre- and post-fatigued conditions, as previous 
research (Van Gheluwe & Madsen, 1997) has demonstrated that RF eversion increases 
with increased levels of fatigue. This study revealed significant decreases in RF motion 
in both pre- and post-fatigued states when running in motion control running shoes (pre-
fatigue = 10.6°; post-fatigue = 11.2°) compared to neutral running shoes (pre-fatigue = 
13.9°; post-fatigue = 17.7°). Furthermore, RF eversion was shown to increase 
significantly between pre- and post-fatigued conditions when participants ran in neutral 
running shoes by 6.5°, but by only 0.7° in the motion control shoe. The findings of this 
work therefore demonstrated that RF eversion was successfully controlled by motion 
control running shoes when running in both fresh and fatigued states. 
 
Around the same time, Butler et al., (2007) compared the influence of motion control and 
cushioned running shoes on RF motion and tibial rotations during prolonged running, in 
two groups of recreational runners one with pronated feet (n = 12) and the other with 
supinated feet (n = 12). In contrast, to the findings of Cheung and Ng (2007) and 
Stefanyshyn et al., (2003), Butler et al., (2007) found no significant differences in RF 
eversion between the motion control and cushioned running shoes in either group. The 
only significant difference reported between the motion control and cushioned running 
shoes was in peak tibial internal rotation in the group with pronated feet, with motion 
control shoes reducing peak tibial rotations over the course of a prolonged run. This 
findings is slightly surprising as previous research (Nawoczenski et al., 1998; Nigg et al., 
1993) has demonstrated a relationship (coupling) between RF eversion and tibial internal 
rotations and as such a reduction in both or neither variables would be expected. Butler 
et al., (2007) suggest that alterations in MF motion between the shod conditions may help 
to explain the reduction in tibial rotations in the motion control shoe without associated 
alterations in RF kinematics.  
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The author is aware of one study (Hoffman et al., 2015) to date that has looked to 
determine the influence of different types of running shoe upon MF motion during 
running. This study compared dynamic ND, assessed using dynamic radiography, in 
minimalistic3 and motion control running shoes. A significant reduction in ND rate was 
reported in the motion control running shoe (109mm/s) compared to the minimalistic 
running shoe (146mm/s). This was accompanied by an insignificant reduction in ND 
between the motion control running shoe (5.5mm) and the minimalistic running shoe 
(6.8mm). These findings suggest that motion control running shoes do influence aspects 
of MF motion, however at the current time there is a paucity of information on the 
influence of running shoes on segments of the foot distal to the RF.  For this reason future 
work exploring the influence of footwear upon inter-segmental foot motion has the 
potential to increase our understanding as to how footwear influences foot motion 
patterns. 
 
The most recent study exploring the influence of different types of conventional running 
shoes upon RF kinematics was undertaken by Lilley et al., (2013). These authors 
compared RF eversion and knee internal rotation between motion control and neutral 
running shoes in a cohort of young (18-25 years old, n = 15) and mature (40-60 years old, 
n = 15) female recreational runners. The findings of this work demonstrated that the 
motion control running shoe significantly reduces peak RF eversion compared to the 
neutral shoe in both the young (motion control shoe = 6.5°; neutral shoe = 7.4°) and 
mature (motion control shoe = 9.1°; neutral shoe = 15.6°) females. These findings are in 
agreement with those of Cheung and Ng (2007) and Stefanyshyn et al., (2003) and further 
                                                          
3 Minimalist running shoe aims to replicate aspects of barefoot motion (Davis, 2014). These shoes have 
generally been considered beyond the scope of this review, however an exception has been made for this 
study 
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support the efficacy of motion control running shoes to reduce RF motion. Lilley et al., 
(2013) also reported a significant reduction in peak internal knee rotation in the motion 
control running shoe (13.6°) compared to the neutral running shoe (15.5°) for the mature 
females; no significant difference was found in the young group. This latter finding and 
the significant difference in the magnitude of RF eversion between the two groups 
demonstrates age related alterations in running kinematics. As such studies comparing 
the influence of different types of running shoes upon running kinematics should take 
into account the age range of participants recruited to reduce these differences. 
 
Rose et al., (2011) compared tibial rotations when running in motion control and neutral 
running shoes (n = 24). A significant reduction in the total range of tibial rotation during 
running in motion control shoes (10.9 ± 5.3°) compared to neutral running shoes (12.3 ± 
6.4°) was reported in this study. While the change in tibial rotation was significant 
between the footwear conditions, a large amount of variance is evident in terms of 
participants’ individual responses to the motion control running shoe. Tibial rotation 
increased or stayed the same for 29% of participants when running in the motion control 
shoe. The authors of this paper argued that the reduction in the range of tibial rotation is 
the result of reduced RF eversion, due to the coupling of the RF and the tibia. However, 
RF eversion was not measured within this study and therefore this explanation was purely 
speculative and based upon the coupling of the tibial rotations and RF motion demonstrate 
by previous studies (Nawoczenski et al., 1998; Nigg et al., 1993).  
 
The influence of different types of running shoe upon transverse plane kinematics has 
been further explored by Hutchison et al., (2014). These authors recruited a sample of 
fourteen participants with pronated feet, classified using the FPI-6, and explored the 
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influence of stability and neutral running shoes upon transverse plane knee joint motion 
patterns. Stance phase internal knee rotations were significantly reduced when running in 
the motion control shoe. However, this reduction in internal knee rotation throughout the 
entire stance phase was accompanied by a significant increase in transverse plane knee 
joint ROM in the motion control shoe of 1.6° compared to the neutral shoe. 
 
The current evidence suggests that motion control running shoes can provide a means of 
reducing frontal plane RF motion (Lilley et al., 2013; Cheung & Ng, 2007; Stefanyshyn 
et al., 2003) and tibial rotations (Rose et al., 2011) in comparison to neutral running shoes. 
While these studies demonstrate the efficacy of different types of running shoe to 
influence foot and lower limb motion, they provide only limited information on the 
matter. All of the studies reviewed above, including Clarke et al., (1983), have assessed 
only RF motion and/or tibial rotations. As such the literature to date provides limited 
information regarding the influence of different types of running shoes upon lower limb 
and inter-segmental foot kinematics. Furthermore, only the work of Butler et al., (2014) 
has included cushioned shoes and as such the influence of this type of running shoe upon 
foot and lower limb kinematics remains largely unknown. Recently, a number of studies 
(Sinclair et al., 2013b, c; Willy & Davis, 2013) have demonstrated significant differences 
in lower limb kinematics, in all three planes, when running in barefoot, minimally and 
conventional shod conditions. The findings of these studies demonstrate that footwear has 
the potential to influence lower limb motion patterns further up the kinematic chain than 
has previously been explored. 
  
A number of factors limit the comparability between the previous studies (Hutchison et 
al., 2014; Lilley et al., 2013; Rose et al., 2011; Cheung & Ng, 2007; Butler et al., 2007) 
68 
 
exploring the influence of different types of running shoe upon running kinematics. The 
most obvious factor limiting the extent or ease to which the studies can be compared is 
the different manufacturers, models and types of shoes used within the works. 
Furthermore, the literature thus far has tended to use either female (Lilley et al., 2013; 
Cheung & Ng, 2007) or mixed sex cohorts (Hutchison et al., 2014; Rose et al., 2011). 
The findings of studies using mixed sex cohorts should be interpreted with caution given 
that previous research has demonstrated differences in running kinematics between 
genders (Sinclair et al., 2012; Ferber et al., 2003) and differential responses to 
standardised running shoes between genders (Stefanyshyn et al., 2003). This brings in to 
question the ability to extrapolate the findings of studies from one gender to the other. 
The different running shoe constructions designed and marketed specifically for each 
gender further limit the comparability between studies on one gender to the other. Finally, 
both Lilley et al., (2013) and Cheung and Ng (2007), like Clarke et al., (1983), placed 
markers on the heel counter of the running shoe to track the motion of the RF. In contrast, 
Butler et al., (2007) removed a section of the running shoes heel counter to enable the 
motion of the RF within the shoe to be tracked directly. This may, in part, explain the 
contrary findings of Butler et al., (2007) and Cheung & Ng (2007). The use of shoe based 
markers, as discussed previously (pg 61), has been shown to give a poor indications as to 
the motion of the foot within the shoe. This therefore brings into question the accuracy 
and validity of the findings of the majority of studies on footwear biomechanics, as such 
the findings of these studies must be interpreted with caution.  
 
2.6.2. In-shoe Foot Motion Assessment 
 
A number of means of overcoming the limitations of shoe based markers have been 
utilised within the literature, such as making incisions within the shoe upper to enable 
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direct marking of the foot within the shoe (Stacoff et al., 1992; Shutlz & Jenkyn, 2012; 
Sinclair et al., 2013a), or the use of dynamic radiography (Hoffman et al., 2015; Peltz et 
al., 2014) and fluoroscopy (Balsdon, 2012) technologies. While these latter options 
provide a means of tracking the position of the bones of interest directly, removing the 
influence of soft tissue motion (artefact), they involve exposure to radiation, require 
specialized facilities and equipment, and at the current time have a limited capture 
volume; for these reasons use of these systems are beyond the scope of this thesis. As 
such making incisions within the shoes upper, to accommodate direct marking and 
tracking of the foot within the shoe using traditional 3D motion capture systems, appears 
to be the most viable means of assessing the motion of the shod foot at the current time. 
However, an important consideration when using this approach is the size of the incision 
made within the shoe, as incisions that are too large may compromise the structural 
integrity of the shoe. 
 
Stacoff et al., (1992) conducted the first study, know to the author, exploring the influence 
of different sized incisions upon the running shoes structural integrity. These authors 
compared shoe eversion in four conditions; no incisions, small incisions (1.6 cm x 1.2 
cm, 1 cm x 1.8 cm), medium incisions (2.1 cm x 1.7 cm, 1.6 cm x 2 cm) and large incisions 
(2.5 cm x 2.1 cm, 2 cm x 2.3 cm). The results of this comparison revealed small non-
systematic changes between conditions throughout the stance phase. Medium sized 
incisions were deemed most appropriate as the pattern of shoe eversion better replicated 
the intact condition and facilitated marker visibility. Support for incisions of similar 
dimensions to those advocated by Stacoff et al., (1992) is provided by the more recent 
work of Shultz and Jenkyn (2012) and Bishop et al., (2015).  
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Shultz and Jenkyn (2012) quantified shoe deformation at HR during walking, between 
running shoes with different sized incisions made within the shoes upper. The influence 
of four different sized incisions were explored; incision 1 = 2.3cm x 1.9cm, incision 2 = 
2.7cm x 2.2cm, incision 3 = 3.1cm x 2.5cm and incision 4 = 3.5cm x 2.8cm. Shoe 
deformation was quantified using two measures; shoe distance and shoe angle. The 
findings of this study revealed that incisions of 2.7cm x 2.2cm diameter did not 
significantly alter the structural integrity of the shoe. This study used the Jenkyn and Nicol 
(2007) foot model to calculate inter-segmental foot motion in each condition, besides the 
intact conditions. The findings of this aspect of the work further support the use of 
incisions of 2.7cm x 2.2cm. Incisions of larger dimensions (holes 3 and 4) resulted in 
changes of more than 5° in RF to MF eversion at HR, when compared to the smallest 
incision size, with the authors suggesting changes above 5° were above the minimum 
important difference. 
 
Finally, Bishop et al., (2015) investigated the effect of incision size upon the movement 
of skin mounted markers. The authors made circular incisions of 1.5cm, 2.0cm and 2.5cm 
diameter within identical running shoes, to accommodate markers attached to the foot, in 
line with the groups own foot model. Participants completed walking trials in barefoot 
and shod trials. Barefoot trials were used to explore how each sized incision would 
influence the free movement of the markers. To do this two segmental reference frames 
were constructed for the FF and RF respectively, enabling marker trajectories to be 
transformed from the laboratory frame of reference to the segmental reference frames. 
The incision diameters were then were then used as an offset to determine if the marker 
trajectory in the segmental reference frame exceeded the radius of each incision from its 
initial position within the centre of the incision. The findings of this analysis revealed that 
2.5cm diameter incisions enable marker clusters to move freely, without contacting the 
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shoes upper. This finding could bring into question the conclusions drawn from earlier 
studies (Shultz & Jenkyn, 2012; Stacoff et al., 1992), comparing foot kinematics between 
incisions of different sizes, as kinematic patterns are liable to be altered if the marker or 
marker cluster contacts the shoe. Additional analysis undertaken within this study further 
supports the use of 2.5cm diameter incisions, with the isotropy indices between this set 
of incisions and the barefoot condition being most closely matched.  
 
2.6.3. Review 
 
The literature reviewed within this section reveals; 
 A plethora of studies exploring the influence of systematic alterations to running 
shoes upon RF eversion and tibial rotations 
o Limited work exploring the influence of these alterations upon lower limb 
kinematics 
o No studies exploring the influence of systematic alterations to running 
shoes upon inter-segmental foot kinematics 
 A dearth of information regarding the influence of motion control, neutral and 
cushioned running shoes upon running kinematics 
o Little to no exploration of these types of running shoes upon lower limb 
and inter-segmental foot motion 
o Limited exploration of these types of running shoes in male runners 
o No simultaneous comparison of all three types of running shoe 
 The importance of quantifying the motion of the foot within the shoe as opposed 
to the shoe 
o The feasibility of tracking the motion of the foot within the shoe, using 
incisions to enable markers to be placed directly on the foot 
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 Validation of incisions dimensions to facilitate marker tracking 
and movement 
 No exploration of the influence of different sets of incisions upon 
the running shoes structural integrity 
 
2.7. Summary and Thesis Aims 
 
The evidence presented within this chapter highlights the dearth of information regarding; 
 The relationship between static foot posture and dynamic foot motion during 
running (Section 2.3, pg 11) 
 The influence of neutral, motion control and cushioned running shoes upon lower 
limb and inter-segmental foot kinematics (Section 2.6.1, pg 58) 
 The influence of neutral, motion control and cushioned running shoes upon the 
motion of the foot within the shoe (Section 2.6.1, pg 58) 
 The influence of different sets of incisions upon the running shoes structural 
integrity (Section 2.6.2, pg 68) 
The paucity of information relating to these areas brings into question the validity of the 
current model for recommending running shoes. The application of both a standard lower 
limb model and a MSFM to the assessment of different types of running shoes upon 
running kinematics will provide a greater understanding as to how each type of running 
shoe influences foot and lower limb motion. Furthermore, by making incisions within the 
shoes upper retro-reflective markers may be placed directly on to the foot as opposed to 
the shoe, providing information on the motion of the foot within the shoe as opposed to 
the motion of the shoe. This in turn will provide novel information regarding how 
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different types of running shoe influence the motion of multiple segments of the foot, as 
opposed to the motion of the shoe. 
 
In order to address these gaps within the current literature the aims of this thesis are; 
Overarching aim: 
 To determine the influence of different types of running shoe on shod foot and 
lower limb motion during running (Chapter 5) 
Secondary aims: 
 To determine the influence of incisions to accommodate different MSFMs upon 
the running shoes structural integrity (Chapter 3) 
 To explore the relationship between static foot classification measures and 
dynamic foot motion during running (Chapter 4) 
 
Three hypotheses will be tested when exploring the influence of different types of running 
shoe on shod foot and lower limb motion during running; 
H1: Lower limb and inter-segmental foot kinematics will differ significantly 
between motion control, neutral and cushioned running shoes 
H2: Motion control and cushioned running shoes will alter peak ankle eversion 
and ROM compared to the neutral running shoe 
H3: Motion control and cushioned running shoes will alter peak MLA 
deformation and ROM compared to the neutral running shoe 
 
The work undertaken in line with the aims of this thesis will further develop the 
methodological approach for examining shod foot motion and the influence of different 
74 
 
running shoe constructions upon foot and lower limb motion. The information gathered 
from the comparison of lower limb and inter-segmental foot kinematics between footwear 
conditions will increase our understanding of how running shoes influence 3D running 
patterns. This work will also further develop our understanding as to how static foot 
posture relates to dynamic foot motion. The findings of this aspect of the work will enable 
the exploration of the third assumption within the running shoe recommendation model. 
This information can then be used to accept, revise or reject aspects of the running shoe 
recommendation model, which will enable an evidence based model for running shoe 
recommendation to be developed. Furthermore, the findings of the work undertaken to 
achieve the secondary aims of this research project will be used to develop the 
methodological approach used in answering the overarching research question; 
 How do different types of running shoe influence the motion of the foot and lower 
during running? (Chapter 5) 
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Chapter 3: The Influence of Incisions upon the Structural Integrity of 
Neutral Running Shoes 
 
3.1. Introduction 
 
A quantitative method to measure the motion of the foot within the shoe is essential for 
both footwear development and assessment (Shultz & Jenkyn, 2012; Stacoff et al., 1991). 
Shoe based markers or gait sandals have commonly been used to determine the influence 
of different running shoe configurations on foot motion (Lilley et al., 2013; Nigg et al., 
2012; Morio et al., 2009; Eslami et al., 2007). Gait sandals do not account for the 
important role played by the shoes upper in supporting the foot and provide information 
regarding the influence of shoe sole properties alone. Shoe based markers have been 
shown to give a poor indication of the motion of the foot within the shoe during running 
(Sinclair et al., 2013a; Stacoff et al., 1992). To overcome these issues, making incisions 
in the upper of the shoe to enable direct marking and tracking of the foot within the shoe 
using 3D motion capture systems, has been advocated (Bishop et al., 2015; Shultz & 
Jenkyn, 2012; Stacoff et al., 1992).  
 
Studies (Bishop et al., 2015; Shultz & Jenkyn, 2012; Stacoff et al., 1992) have validated 
the size of incision that can be made within the running shoe, without significantly 
altering the structural integrity of the shoe (discussed in detail in Chapter 2.6.2, pg 68). 
No studies, to the knowledge of the author, have compared the influence of incisions to 
accommodate different MSFMs upon the shoes structural integrity. Therefore, the aim of 
this phase of work was to determine the influence of two different sets of incisions, to 
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accommodate the Jenkyn and Nicol (2007) foot model (incision set one) and the 3DFoot 
model (Leardini et al., 2007) foot model (incision set two), upon the structural integrity 
of neutral running shoes. These MSFMs were selected as the Jenkyn and Nicol (2007) 
foot model has been used previously to assess shod foot kinematics (Shultz & Jenkyn, 
2012; Shultz, 2009) and requires only four incisions within the shoe. In contrast, the 
3DFoot model has been used more frequently within the literature and has previously 
been used to calculate inter-segmental foot motion during running (Sinclair et al., 2014a 
& b; Powell et al., 2013; 2011), but requires 10 incisions within the shoe. The literature 
(Bishop et al., 2015; Shultz & Jenkyn, 2012; Stacoff et al., 1992) thus far has focused on 
kinematic means of estimating the structural integrity of the running shoe, based upon 
shoe deformation or foot kinematics. In addition to using kinematic measures, this study 
proposes a novel means of exploring the influence of incisions upon different aspects of 
the running shoes structural integrity using material strain analysis. It was hypothesized 
that the fewer incisions made within the shoe with incision set one will result in greater 
maintenance of the structural integrity of the shoe.  
 
3.2. Method 
 
3.2.1. Kinematic Assessment 
 
3.2.1.1. Location 
 
University of East London, London, England. 
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3.2.1.2. Participants 
 
A convenient sample of eight active males (30 ± 8yrs, 1.78 ± 0.05m, 84 ± 7kg) were 
recruited from the University of East London. All participants completed a health screen 
and physical activity questionnaire (Appendix VII) prior to testing and were free from 
musculoskeletal or cardiovascular injuries or illness at the time of testing. Written 
informed consent was obtained from each participant prior to testing (consent form in 
Appendix VII). On average participants reported exercising three to four times per week, 
including running one to two times per week. No changes in participants’ physical activity 
levels were recorded between sessions. Ethical approval was granted for this study by the 
University of East London Research Ethics Committee (Appendix VI). 
 
3.2.1.3. Protocol 
 
All participants attended two testing sessions, within the Motion Analysis Laboratory at 
the University of East London, England. Participants were asked to walk and run at a self-
selected pace (walking: 1.2 ± 0.1 m.s-1; running: 3 ± 0.5 m.s-1) on a Jaeger LE 300 C 
treadmill (Erich Jaeger GmBH & Co, Wuerzburg, Germany). A ten minute 
familiarization period was undertaken prior to data collection by all participants to reduce 
the kinematic differences between overground and treadmill locomotion (Riley et al., 
2008; Lavcanska et al., 2005). Participants self-reported shoe size and all wore 
standardized neutral running shoes (ASICS neutral foot classification running shoe, UK 
sizes 8-9.5) provided by the manufacturer. Data was collected continuously for the final 
30 seconds of three minute long dynamic trials. 
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Session one involved participants walking and running in the intact shoe condition to 
provide baseline data for shoe deformation measures. Prior to session two, 2.5cm 
diameter incisions were made within the running shoes upper (cut condition). Incisions 
were made within the running shoe using a scalpel and 2.5cm diameter incisions were 
selected based on the available literature (Bishop et al., 2015; Shultz & Jenkyn, 2012). 
Incisions were made in the right shoe to accommodate the modified Jenkyn and Nicol 
(2007) foot model (Incision set one) and in the left shoe to accommodate the 3DFoot 
model (Incision set two) (Figure 3.1, Table 3.1). In session two, participants walked and 
ran on the treadmill at the same velocity as in session one. 
 
Figure 3.1. Medial (A) and lateral (B) views of the right shoe with 2.5cm incisions to 
accommodate the Jenkyn and Nicol (2007) foot model (Incision set one). Medial (C) and 
lateral (D) views of the left shoe with 2.5cm incisions to accommodate the 3DFoot model 
(Incision set two) 
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Table 3.1. Foot model segments, marker locations and kinematic output for the modified Jenkyn and Nicol (2007) and Leardini et al., (2007) foot models, 
incisions were made within the right shoe for the Jenkyn and Nicol (2007) foot model (Incision set one) and the left shoe for the 3DFoot model (Incision 
set two) 
 Segments Marker/Incision Locations Model Output 
Modified Jenkyn and 
Nicol foot model 
(Shultz & Jenkyn, 
2012) 
Rearfoot Lateral to Achilles tendon attachment 1. Rearfoot angle with respect to the midfoot in 
the frontal plane 
2. Forefoot angle with respect to the midfoot in 
the frontal plane 
3. Medial longitudinal arch height to length ratio 
Midfoot Dorsal to navicular tuberosity 
Medial Forefoot Dorsal to midshaft of 1st metatarsal 
Lateral Forefoot Dorsal to midshaft of 5th metatarsal 
3DFoot Model 
Rearfoot Achilles tendon attachment 
Peroneal tubercle 
Sustentaculum tali 
Four inter-segmental foot motions are recorded in 
three dimensions; 
1. Rearfoot with respect to the shank 
2. Midfoot with respect to the rearfoot 
3. Forefoot with respect to the midfoot 
4. Forefoot with respect to the rearfoot 
Additional planar angles; 
1. Medial longitudinal arch angle 
2. 1st, 2nd and 5th metatarsal angles in relation to 
the ground 
3. 1st metatarsal with respect to the 2nd metatarsal 
in the sagittal plane 
4. 5th metatarsal with respect to the 2nd metatarsal 
in the sagittal plane 
Midfoot Navicular tuberosity 
 
Forefoot Base of 1st metatarsal (shared with midfoot) 
Base of 2nd metatarsal (shared with midfoot) 
Base of 5th metatarsal (shared with midfoot) 
Head of 1st metatarsal 
Head of 2nd metatarsal 
Head of 5th metatarsal 
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Kinematic data were collected using an eight camera VICON MX motion analysis 
system, operating at 200Hz. Prior to data collection, the VICON system was calibrated 
using a five marker wand and L frame calibration object, in line with the manufacture 
recommendations. The calibration was undertaken in two parts; initially a dynamic 
calibration was undertaken. The dynamic calibration consisted of waving the calibration 
object throughout the estimated capture volume until all cameras viewed the calibration 
object 3000 times. Only calibrations which produced residuals of less than or equal to 0.1 
were accepted. After the dynamic calibration the origin of the global4 co-ordinate system 
was defined to finalise the calibration procedure, for this the L frame calibration object 
was placed at the rear left hand corner of the treadmill. The laboratory co-ordinate system 
was defined as such; y axis anterior-posterior (direction of travel), x axis medio-lateral 
and z axis superior-inferior. 
 
Three passive retro-reflective markers (1.4cm diameter) located on the central aspects of 
the lateral malleoli, posterior heel counter and dorsal tip of the toe box were used to 
calculate shoe deformation. Shoe based marker placement was standardized using 
markings placed on the shoe by the manufacturer. Shoe deformation was quantified using 
the Euclidean distance between the heel and toe markers (shoe distance) and the angle 
formed between vectors connecting the heel and ankle markers and the ankle and toe 
markers (shoe angle) (Figure 3.2, pg 81) (Shultz & Jenkyn, 2012). Shoe distance and 
angle were calculated using equations 3.1 and 3.2 respectively, in custom written MatLab 
script (MathWorks, Natick, Ma, USA).  
 
                                                          
4 Also referred to as the laboratory co-ordinate system 
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 Eq. 3.1.   d = √(x1- x2)2+(y1- y2)2+ (z1- z2)2 
Where; 
d = distance between two markers  
xn = x co-ordinate of marker n 
yn = y co-ordinate of marker n 
zn = z co-ordinate of marker n 
 
 Eq. 3.2.    𝑐𝑜𝑠∅= 
d1
2+ d2
2- d3
2
2*d1* d2
 
Where; 
Ø = shoe angle 
d1 = heel to ankle marker distance 
d2 = ankle to toe marker distance 
d3 = heel to toe marker distance 
 
 
Figure 3.2.  Marker placement for shoe deformation analysis; marker 1 = heel counter, 
marker 2 = lateral malleoli, marker 3 = toe box, shoe distance = marker 1 – marker 3 and 
α = shoe angle 
1 
2 
3 
 
α 
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3.2.1.4. Data Processing and Analysis 
 
As the treadmill used throughout this thesis was not instrumented gait cycle parameters 
were identified from the kinematic data. The change in vertical velocity of the heel or toe 
marker, depending on foot striking pattern, from negative to positive was used to identify 
IC (Fellin et al., 2010). TO was identified as the frame in which the toe markers vertical 
displacement exceeded its height throughout the stance phase. Shoe deformation was 
assessed at IC (0%), HR (60%) and TO (100%) during the stance phase of both walking 
and running (Shultz & Jenkyn, 2012).  
 
Shoe deformation was averaged over five consecutive gait cycles, with minimal marker 
loss, for each participant and normalized to 100% stance phase duration. Gaps, of up to 
five frames, in the marker trajectories were filled using the in-built spline fill function 
within VICON Nexus 1.7.1 (Vicon Motion Systems Ltd., Oxford, England). The 
reconstructed marker trajectories were filtered using a 20Hz Butterworth filter within 
VICON Nexus 1.7.1. The differences in shoe distance and angle between the intact and 
cut conditions, at IC, HR and TO were calculated for walking and running trials. Visual 
inspection of the raw data (Tables 3.2 & 3.3, pg’s 90 & 93) revealed non-systematic 
changes in shoe distance between intact and cut conditions for both incision sets, during 
walking and running at IC, HR and TO. As these non-systematic alterations would 
influence the mean difference calculated from the raw data between conditions, with 
positive and negative alterations cancelling each other out, negative scores were 
converted to positive scores by multiplying these values by negative one. Thus creating a 
more homogeneous data set from which the magnitude of change between conditions 
could be compared. The rationale for this conversion was that the magnitude, as opposed 
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to the direction, of change in shoe distance and angle was key to determining the influence 
of each incision set upon the running shoes structural integrity. 
 
A minimal important difference (MID) of 5° was used to identify significant differences 
in shoe angle between conditions, in line with the literature (Shultz & Jenkyn, 2012). No 
minimal important difference has been proposed previously for alterations in shoe 
distance, therefore the minimal detectable difference (MDD) was calculated to reduce the 
risk of over emphasising small differences in shoe distance between conditions. This 
calculation was undertaken in the following steps, using the data from the intact 
condition; initially an eight (participants) by five (gait cycles) matrix was created for each 
time point (IC, HR and TO). The distribution of each matrix was checked using a Shapiro-
Wilk test in SPSS 20 (IBM, Armonk, NY, USA). All data were normally distributed 
(Appendix V). Mixed model ICC(3,1) were used to calculate the reliability of shoe distance 
measures across the five gait cycles. The SEM was then calculated using equation 3.3. 
Finally, the MDD difference at IC, HR and TO was calculated using equation 3.4. 
 
Eq. 3.3.   SEM = SD√(1 - rxx) 
Where; 
SD = standard deviation of each matrix 
rxx = reliability coefficient (ICC value) 
 
 Eq. 3.4.  MDD = 1.96*√2*SEM 
The MDD was 1.08mm, 1.44mm and 4.48mm at IC, HR and TO respectively. Based upon 
these calculations a minimal important difference of 4.48mm was used to identify 
significant differences in shoe distance between conditions. 
84 
 
3.2.2. Material Strain Assessment 
 
3.2.2.1. Location 
 
ASICS Institute of Sport Science, Kobe, Japan. 
 
3.2.2.2. Participants 
 
One active male (26yrs, 1.80m, 78kg) participated in the material strain aspect of this 
study. The participant exercised six times per week and ran two to three times per week. 
The participant for this aspect of the study ran with a mid- to fore-foot striking pattern. 
The participant completed both this aspect of the work and the kinematic assessment 
undertaken at the University of East London. 
 
3.2.2.3. Protocol 
 
Material strain analysis was undertaken at ASICS Institute of Sport Science using an 
ARAMIS Optical Deformation and Strain Measurement System (GOM mbH, 
Braunschweig, Germany), operating at 200Hz. The ARAMIS system used a two camera 
set up to track the shoe during static and dynamic trials (Figure 3.3). The ARAMIS system 
utilises pattern recognition algorithms, geometric measures and plasticity theory to 
calculate major5 and minor6 strain within a material, the percentage change in major and 
                                                          
5 Strain along the long axis of an ellipse 
6 Strain along the shorter axis of an ellipse  
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minor strain relative to the calibration trial is output by the system (GOM, 2014). Within 
this study the ARAMIS system was used to calculate the major and minor strain within 
the running shoes upper. 
 
Figure 3.3. Schematic representation of the laboratory set up for material strain analysis 
 
Figure 3.3 provides a schematic representation of the laboratory set up for the material 
strain assessment. The ARAMIS system was calibrated using a calibration panel (350mm 
x 280mm) which consists of points at known distances apart. The calibration panel was 
placed in the centre of the capture volume (GOM, 2013). Prior to data collection, a 
random speckle pattern was applied to the shoe upper, using spray paint, to enhance image 
analysis. To further enhance image analysis, two strobe lights were used to provide 
additional lighting around the target area. Three identical right shoes, the same model 
used within the kinematic analysis, were provided by the manufacturer for this phase of 
the work. Again, 2.5cm incisions were made within two of the shoes in line with incision 
sets one and two (Table 3.1, pg 79). The participant ran at the same pace (3.5m.s-1) as 
their treadmill trials, along a 15metre indoor runway. The capture volume for the 
ARAMIS system was located at the halfway point in the runway (Figure 3.3) and defined 
by a target area taped onto the runway. Running velocity was monitored using photo-
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electronic timing gates, located three meters apart, either side of the capture volume 
(Figure 3.3). The participant was given five minutes to familiarise to the environment and 
to ensure IC was made within the target area, this was achieved by altering the participants 
starting position. A static trial was recorded in each condition prior to dynamic trials. The 
static trail was recorded with the participant stood in a relaxed standing position, in double 
limb support. This calibration enabled the ARAMIS system to define local co-ordinate 
systems for each shoe and to calculate the baseline stress levels within the shoe, in each 
condition. The process was repeated for both the medial and lateral aspect of the shoe, in 
each condition. One successful dynamic trial was recorded for the medial and lateral 
aspect of the shoe in each condition. A successful condition was defined as a trial in which 
the running velocity was within ± 5% of the target running velocity and in which the foot 
landed within the target area with no visible alterations to the participant’s natural running 
pattern. 
 
3.2.2.4. Data Analysis 
 
Material strain analysis was limited to the initial 75% of the stance phase, due to the 
limited capture volume (350mm x 280mm) of the ARAMIS system, and to one trial in 
each condition. Changes in major and minor material stain were averaged across RF, MF 
and FF sections of the shoe. For this, shoe distance was calculated using equation 3.1. (pg 
81) from the shoe co-ordinate system constructed by the ARAMIS system, with the foot 
split into equal thirds based upon length. As only one individual participated within this 
phase of the work, standard statistical testing was not conducted. Trend symmetry (TS) 
analysis (Crenshaw and Richards, 2006) was used to compare major and minor strain 
patterns across the three shoe regions, between shod conditions. In the TS analysis, the 
87 
 
intact condition was used as the control condition, with each incision set compared to this 
control. TS analysis quantifies the similarity between two waveforms. Within this context 
the waveform was the percentage change in material strain for one section of the shoe 
over the first 75% of the stance phase during running gait. TS analysis was undertaken 
using the method of Crenshaw and Richards (2006). The following steps were taken to 
calculate the TS score; 
1. The mean value of each waveform was calculated and subtracted from every data 
point within each waveform, as in equation 3.5. 
Eq. 3.5. {
𝑋𝑇𝑖
𝑌𝑇𝑖
} =  {
𝑋𝑖
𝑌𝑖
} −  {
𝑋𝑚
𝑌𝑚
} 
Where; X and Y represent intact and cut strain curves respectively. 
Subscripts i and m denote the original data and the mean of each strain 
curve respectively. Subscript Ti indicates demeaned data points.   
2. The matrix M was created by inputting each pair of elements as a row 
3. Singular value decomposition was applied to M to obtain the eigenvectors, this 
process multiples M by its transpose and extracts the eigenvectors 
4. The angle Θ formed between the eigenvectors and the X-axis was calculated using 
equation 3.6. 
Eq. 3.6. Θ = tan-1(V(2,1)/V(1,1)) 
Where; V(n,j) represents the eigenvector extracted from singular value 
decomposition, in the nth row and jth column of the eigenvectors matix 
5. Each row of M was then rotated by the angle Θ (equation 3.7) 
Eq. 3.7.{
𝑋𝑅𝑖
𝑌𝑅𝑖
} =  [
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
] {
𝑋𝑇𝑖
𝑌𝑇𝑖
} 
Where; Subscript Ri represents the rotated elements 
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6. The variability of the rotated points was then calculated along the X and Y axes 
respectively; variability here is defined as the standard deviation squared 
7. The TS value was calculated by dividing variability about the eigenvector (Y-axis 
variability) by variability along the eigenvector (X-axis variability) 
8. The TS value was then subtracted from one; a TS score of one indicates perfect 
symmetry and a value of zero perfect asymmetry, with values ≥ .95 highly 
symmetrical waveforms (Crenshaw and Richards, 2006)  
TS analysis was undertaken in Matlab. Additionally, the mean difference between major 
and minor strain patterns in the intact and cut conditions was calculated (Xm - Ym), 
respectively. The mean difference was calculated to account for any offsets in the material 
strain curves that would not be picked up by the TS analysis as the initial calculation 
within the TS analysis demeans each waveform. 
 
3.3. Results 
 
3.3.1. Kinematic Assessment 
 
3.3.1.1. Shoe Distance 
 
The findings of the kinematic comparison of shoe distance between the intact and two cut 
conditions, during both walking and running, are reported in Table 3.2 (pg 90) and 
displayed visually in Figure 3.4 (pg 91). The magnitude of change in shoe distance 
between intact and cut conditions is similar during walking and running at IC and HR 
(Figure 3.4). No changes in shoe distance above the MID were reported for either set of 
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incisions during walking or running (Figure 3.4). However, the magnitude of change in 
shoe distance was consistently greater and more variable for incision set two in 
comparison to incision set one, during both walking and running (Figure 3.4). The 
magnitude of change in shoe distance between intact and cut conditions is greater during 
running compared to walking at TO (Figure 3.4). 
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Table 3.2. Shoe distance during walking (A) and running (B) at initial contact (0% stance phase), heel rise (60% stance phase) and toe off (100% stance 
phase) in the intact and cut conditions. Rcut corresponds to the shoe with incision set one, Lcut corresponds to the shoe with incision set two 
A   Initial Contact Heel Rise Toe Off 
  Rcut Rin Dif’ Lcut Lin Dif’ Rcut Rin Dif’ Lcut Lin Dif’ Rcut Rin Dif’ Lcut Lin Dif’ 
  (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 
P
ar
ti
ci
p
an
t 
1 271 271 0 273 274 -1 272 272 0 274 274 0 269 265 4 269 271 -2 
2 280 280 0 278 284 -6 282 284 -2 281 288 -7 275 278 -3 273 282 -9 
3 283 283 0 285 286 -1 286 285 1 288 289 1 281 282 -1 282 284 -2 
4 285 286 -1 288 290 -2 288 290 -2 291 292 -1 283 280 3 286 283 3 
5 268 270 -2 270 273 -3 265 269 -4 269 273 -4 264 265 -1 264 267 -3 
6 284 284 0 286 285 1 286 286 0 290 288 2 280 282 -2 283 283 0 
7 273 273 0 276 270 6 275 275 0 279 273 6 272 274 -2 273 268 5 
8 279 278 1 280 277 3 281 280 1 283 280 3 278 279 -1 277 275 2 
Mean   0   0   -1   0   0   -1 
SD   1   4   2   4   3   4 
 
B   Initial Contact Heel Rise Toe Off 
  Rcut Rin Dif’ Lcut Lin Dif’ Rcut Rin Dif’ Lcut Lin Dif’ Rcut Rin Dif’ Lcut Lin Dif’ 
  (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 
P
ar
ti
ci
p
an
t 
1 275 272 3 271 274 -3 269 268 1 267 270 -3 261 256 5 255 259 -4 
2 281 282 -1 278 285 7 283 284 -1 281 288 -7 276 278 -2 273 282 -9 
3 283 283 0 286 288 -2 285 284 1 286 287 -1 283 282 1 284 283 1 
4 287 288 -1 290 290 0 288 292 -4 289 291 -2 283 286 -3 287 288 -1 
5 267 269 -2 269 282 -3 260 263 -3 264 267 -3 262 264 2 265 266 -1 
6 283 284 -1 287 286 1 287 285 2 289 287 2 281 282 -1 283 285 -2 
7 274 276 -2 277 271 6 274 272 2 278 270 8 272 273 -1 273 270 3 
8 279 279 0 280 278 2 279 279 0 281 279 2 280 278 2 278 277 1 
Mean   -1   -1   0   0   0   -2 
SD   2   4   2   5   3   4 
NOTE: Positive differences denote a lengthening of the heel to toe distance during the cut conditions and negative differences denote a shortening of the heel to toe distance 
during the cut conditions 
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A  
B  
Figure 3.4. Change in shoe distance during (A) walking and (B) running between intact 
and cut conditions; horizontal dashed lines represent the minimal important difference of 
4.48mm 
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3.3.1.2. Shoe Angle 
 
The findings of the kinematic comparison of shoe angle between the intact and cut 
conditions, during both walking and running, are reported in Table 3.3 (pg 93) and 
displayed visually in Figure 3.5 (pg 94). The magnitude of change in shoe angle between 
intact and cut conditions is greater at IC during running in comparison to walking, but of 
a similar magnitude between gait modalities at HR and TO (Figure 3.5). When comparing 
the change in shoe angle between intact and cut conditions, changes above the MID were 
reported at HR during walking with incision set two (5.06° ± 4.83°) (Figure 3.5A) and at 
IC during running with incision set one (5.35° ± 3.77°) (Figure 3.5B). No other alterations 
in shoe angles were above the MID for either incision set. A trend for an increased 
magnitude of change in shoe angles between intact and cut conditions with incision set 
two was evident during walking (Figure 3.5A) and at HR and TO during running (Figure 
3.5B). Additionally, the changes in shoe angles at IC (4.64° ± 3.95°) and HR (4.89° ± 
5.68°) during running with incision set two were within 0.5° of the MID (Figure 3.5B).  
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Table 3.3. Shoe angle during walking (A) and running (B) at initial contact (0% stance phase), heel rise (60% stance phase) and toe off (100% stance 
phase) in the intact and cut conditions. Rcut corresponds to the shoe with incision set one, Lcut corresponds to the shoe with incision set two 
A   Initial Contact Heel Rise Toe Off 
  Rcut Rin Dif’ Lcut Lin Dif’ Rcut Rin Dif’ Lcut Lin Dif’ Rcut Rin Dif’ Lcut Lin Dif’ 
  (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) 
P
ar
ti
ci
p
an
t 
1 120 121 -1 118 118 0 120 122 -2 119 118 1 121 122 -1 118 116 2 
2 113 113 0 112 118 -6 117 113 4 115 118 -3 113 112 1 110 118 -8 
3 118 111 7 119 114 5 124 114 10 125 116 9 119 114 5 119 116 3 
4 107 111 -4 112 111 1 110 112 -2 113 110 3 108 112 -4 112 110 2 
5 116 114 2 113 114 -1 117 114 3 115 114 1 115 115 0 110 112 -2 
7 112 119 -7 114 115 -1 117 119 -2 118 115 3 112 121 -9 114 117 -3 
8 113 112 1 119 119 0 116 113 3 123 117 6 113 115 -2 121 118 3 
Mean   0   0   2   3   -1   0 
SD   5   3   4   4   4   4 
 
B   Initial Contact Heel Rise Toe Off 
  Rcut Rin Dif’ Lcut Lin Dif’ Rcut Rin Dif’ Lcut Lin Dif’ Rcut Rin Dif’ Lcut Lin Dif’ 
  (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) (°) 
P
ar
ti
ci
p
an
t 
1 119 122 -3 120 117 3 123 125 -2 123 121 2 118 120 -2 118 117 1 
2 117 114 3 116 119 -3 121 117 4 120 120 0 110 110 0 108 115 -7 
3 119 124 -5 120 115 5 125 121 4 124 117 7 119 123 -4 117 116 1 
4 110 116 -6 112 112 0 114 118 -4 116 115 1 106 112 -6 108 110 -2 
5 109 118 -9 108 116 -8 119 117 2 116 115 1 112 115 -3 109 111 -2 
7 114 124 -10 115 119 -4 120 122 -2 122 118 4 112 119 -7 112 116 -4 
8 115 115 0 120 118 2 121 116 5 127 118 9 114 113 1 118 115 3 
Mean   -4   -1   1   3   -3   -1 
SD   5   5   4   3   3   3 
 NOTE: Positive score shows a greater shoe angle in the cut condition and negative scores a greater shoe angle during the intact condition 
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A  
B  
Figure 3.5. Change in shoe angle during (A) walking and (B) running between intact and 
cut conditions; horizontal dashed lines represent the minimal important difference of 5° 
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3.3.2. Material Strain Assessment 
 
3.3.2.1. Medial Aspect 
 
Figure 3.6 (pg 96) displays the major strain patterns, for each region of the shoe, on the 
medial aspect of the shoe over the first 75% of the stance phase, in intact and cut 
conditions. TS analysis revealed highly symmetrical major strain patterns between the 
intact condition and incision set one at the RF (TS = 0.98) and MF (TS = 0.99) (Table 
3.4, pg 97). When comparing major strain patterns between the intact condition and 
incision set two, TS analysis reported high levels of symmetry at the MF (TS = 0.95) only 
(Table 3.4). TS analysis revealed that the major strain patterns on the medial aspect of the 
shoe are higher at the RF, MF and FF with incision set one compared to incision set two 
(Table 3.4). TS analysis revealed the highest levels of symmetry at the MF (TS > 0.95) 
and the lowest level of symmetry (TS ≤ 0.70) at the FF for each incision set, when 
comparing major strain patterns on the medial aspect of the shoe (Table 3.4). The lower 
TS scores at the FF are coupled with the largest mean differences (Table 3.4). The mean 
difference in major strain patterns on the medial aspect of the shoe between the intact 
condition and each set of incisions were less than 1% for all comparisons, besides the FF 
with each incision set (Table 3.4). The smallest mean difference in major strain on the 
medial aspect of the shoe for incision set one was at the MF (0.01%) (Table 3.4). The 
smallest mean difference in major strain on the medial aspect of the shoe was at the RF 
for incision set two (-0.60%) (Table 3.4). The mean difference between the intact and cut 
conditions was smaller when comparing major strain patterns on the medial aspect of the 
shoe between the intact condition and incision set one at the RF and MF (Table 3.4). At 
the FF the mean difference in major strain pattern on the medial aspect of the shoe was 
smaller between the intact condition and incision set two (Table 3.4). 
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A  
B  
C  
Figure 3.6. Major strain patterns on the medial aspect of the shoe split into (A) rear-, (B) 
mid- and (C) fore-foot segments of the shoe over the initial 75% of the stance phase of 
the running gait cycle in the intact condition (solid black line), with incision set one 
(dashed black line) and incision set two (solid grey line) 
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Table 3.4. Trend symmetry (TS) scores and mean difference between the intact and each 
cut condition for the comparison of major strain on the medial aspect of the running shoe 
Medial TS† Mean Difference (%) 
Incision Set 
One 
Incision Set 
Two 
Incision Set 
One 
Incision Set Two 
M
aj
o
r RF 0.98 0.88 -0.30 -0.60 
MF 0.99 0.95 -0.01 -0.60 
FF 0.70 0.67 -1.88 -1.13 
† Unitless 
NOTE: Positive mean differences denote a greater mean value over the initial 75% of the stance phase in 
the intact condition 
 
Figure 3.7 (pg 98) displays the minor strain patterns, for each region of the shoe, on the 
medial aspect of the shoe over the first 75% of the stance phase, in intact and cut 
conditions. TS analysis revealed highly symmetrical minor strain patterns between the 
intact condition and incision set one at the RF (TS = 0.95) and MF (TS = 0.96), only 
(Table 3.5, pg 99). TS analysis revealed that the minor strain patterns on the medial aspect 
of the shoe were more symmetrical between the intact condition and incision set one at 
the RF and MF, and between the intact condition and incision set two at the FF (Table 
3.5). The highest level of symmetry was at the MF (TS = 0.96) and the lowest level of 
symmetry at the FF (0.93) for incision set one (Table 3.5). For incision set two the highest 
levels of symmetry were at the MF and FF (TS = 0.94) and the lowest level of symmetry 
at the RF (TS = 0.91) (Table 3.5). The mean difference in minor strain patterns on the 
medial aspect of the shoe between the intact and cut conditions was less than 1% for all 
comparisons, besides the FF with incision set two (Table 3.5). The smallest mean 
difference in major strain on the medial aspect of the shoe was at the MF for each incision 
set (Incision set one = -0.13%; Incision set two = 0.05) (Table 3.5). The mean difference 
between the intact and cut conditions was smaller when comparing minor strain patterns 
on the medial aspect of the shoe between the intact condition and incision set two at the 
RF and MF (Table 3.5). At the FF the mean difference in minor strain pattern on the 
medial aspect of the shoe was smaller between the intact condition and incision set one 
(Table 3.5). 
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Figure 3.7. Minor strain patterns on the medial aspect of the shoe split into (A) rear-, (B) 
mid- and (C) fore-foot segments of the shoe over the initial 75% of the stance phase of 
the running gait cycle in the intact condition (solid black line), with incision set one 
(dashed black line) and incision set two (solid grey line) 
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Table 3.5. Trend symmetry (TS) scores and mean difference between the intact and each 
cut condition for the comparison of minor strain on the medial aspect of the running shoe 
Medial TS† Mean Difference (%) 
Incision Set 
One 
Incision Set 
Two 
Incision Set 
One 
Incision Set 
Two 
M
in
o
r RF 0.95 0.91 -0.49 -0.44 
MF 0.96 0.94 -0.13 -0.05 
FF 0.93 0.94 -0.24 -1.32 
† Unitless 
NOTE: Positive mean differences denote a greater mean value over the initial 75% of the stance phase in 
the intact condition 
 
3.3.2.2. Lateral Aspect 
 
Figure 3.8 (pg 100) displays the major strain patterns, for each region, on the lateral aspect 
of the shoe over the first 75% of the stance phase, in intact and cut conditions. No highly 
symmetrical (TS < 0.95) major strain patterns were recorded on the lateral aspect of the 
shoe between the intact condition and either cut condition (Table 3.6, pg 101). The major 
strain pattern on the lateral aspect of the shoe has a higher TS score at the RF with incision 
set two, at the MF with incision set one and equal levels of symmetry between each 
incision set and the intact condition at the FF (Table 3.6). TS analysis revealed the lowest 
levels of symmetry at the RF for each incision set when comparing major strain on the 
lateral aspect of the shoe (TS > 0.76) (Table 3.6). The mean difference in major strain 
patterns on the lateral aspect of the shoe between the intact condition and each set of 
incisions was less than 1% at the MF and FF sections of the shoe with incision set one, 
and at the FF only for incision set two (Table 3.6). The smallest mean difference in major 
strain on the lateral aspect of the shoe when comparing between the intact condition and 
incision set one was at the MF (0.10%) (Table 3.6). The smallest mean difference in major 
strain on the lateral aspect of the shoe was at the FF when comparing between the intact 
condition and incision set two (0.12%) (Table 3.6). The mean difference between the 
intact and cut conditions was smaller when comparing major strain patterns on the lateral 
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aspect of the shoe between the intact condition and incision set two at the RF and FF 
(Table 3.6). At the MF the mean difference in major strain patter on the lateral aspect of 
the shoe was smaller between the intact condition and incision set one (Table 3.6). 
A  
B  
C  
Figure 3.8. Major strain patterns on the lateral aspect of the shoe split into (A) rear-, (B) 
mid- and (C) fore-foot segments of the shoe over the initial 75% of the stance phase of 
the running gait cycle in the intact condition (solid black line), with incision set one 
(dashed black line) and incision set two (solid grey line) 
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Table 3.6. Trend symmetry (TS) scores and mean difference between the intact and each 
cut condition for the comparison of major strain on the lateral aspect of the running shoe 
Lateral TS† Mean Difference (%) 
Incision Set 
One 
Incision Set 
Two 
Incision Set 
One 
Incision Set 
Two 
M
aj
o
r RF 0.67 0.76 -1.70 -1.42 
MF 0.89 0.83 -0.10 -1.71 
FF 0.81 0.81 -0.31 -0.12 
† Unitless 
NOTE: Positive mean differences denote a greater mean value over the initial 75% of the stance phase in 
the intact condition 
 
 
Figure 3.9 (pg 103) displays the minor strain patterns, for each region, on the lateral aspect 
of the shoe over the first 75% of the stance phase, in intact and cut conditions. TS analysis 
revealed no highly symmetrical (TS < 0.95) minor strain patterns on the lateral aspect of 
the shoe (Table 3.7, pg 104). When comparing minor strain patterns on the lateral aspect 
of the shoe TS analysis revealed that the intact condition and incision set one were more 
symmetrical than the intact condition and incision set two (Table 3.7). TS analysis 
revealed higher TS scores when comparing minor strain patterns on the lateral aspect of 
the shoe between the intact condition and incision set two at the MF and FF (Table 3.7). 
The highest level of symmetry was at the RF (TS = 0.91) and the lowest level of symmetry 
at the MF (TS = 0.71) when comparing minor strain patterns on the lateral aspect of the 
shoe between the intact condition and incision set one (Table 3.7). When comparing 
minor strain patterns on the lateral aspect of the shoe between the intact condition and 
incision set two the highest level of symmetry was at the MF (TS = 0.91) and the lowest 
level of symmetry at the FF (TS = 0.85) (Table 3.7). The mean difference in minor strain 
patterns on the lateral aspect of the shoe between the intact condition and each set of 
incisions was less than 1% for both sets of incisions at the MF and for incision set one at 
the FF (Table 3.7). The smallest mean difference in major strain on the lateral aspect of 
the shoe when comparing between the intact condition and incision set one was at the FF 
(0.16%), with the largest mean difference at the RF (-3.11%) (Table 3.7). When 
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comparing minor strain patterns on the lateral aspect of the shoe between the intact 
condition and incision set two the smallest mean difference was at the MF (-0.93%), with 
the largest mean difference at the FF (1.32%) (Table 3.7). The mean difference between 
the intact and cut conditions was smaller when comparing minor strain patterns on the 
lateral aspect of the shoe between the intact condition and incision set two at the RF 
(Table 3.7). At the MF and FF the mean difference in minor strain patterns on the medial 
aspect of the shoe was smaller between the intact condition and incision set one (Table 
3.7). 
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A  
B  
C  
Figure 3.9. Minor strain patterns on the lateral aspect of the shoe split into (A) rear-, (B) 
mid- and (C) fore-foot segments of the shoe over the initial 75% of the stance phase of 
the running gait cycle in the intact condition (solid black line), with incision set one 
(dashed black line) and incision set two (solid grey line) 
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Table 3.7. Trend symmetry (TS) scores and mean difference between the intact and each 
cut condition for the comparison of minor strain on the lateral aspect of the running shoe 
Lateral TS† Mean Difference (%) 
Incision Set 
One 
Incision Set 
Two 
Incision Set 
One 
Incision Set 
Two 
M
in
o
r RF 0.91 0.90 -3.11 -1.25 
MF 0.71 0.91 -0.78 -0.93 
FF 0.77 0.85 -0.16 -1.32 
† Unitless 
NOTE: Positive mean differences denote a greater mean value over the initial 75% of the stance phase in 
the intact condition 
 
3.4. Discussion 
 
The aim of this study was to determine the influence of incisions to accommodate MSFMs 
upon the structural integrity of neutral running shoes. The study utilised both kinematic 
measures, previously used within the literature (Shultz & Jenkyn, 2012), and novel 
material strain analysis in an attempt to better understand the influence of different 
incision sets upon the running shoes structural integrity. The findings of this study 
informed the decision making process for subsequent studies within this thesis in relation 
to the optimal set of incisions to use to accommodate a MSFM to calculate the motion of 
the foot within the shoe. Overall the findings of this study support the hypothesis that the 
fewer the number of incisions made within the running shoe the greater the maintenance 
in the running shoes structural integrity.  
 
3.4.1. Kinematic Assessment of Shoe Deformation 
 
No alterations in shoe distance above the MID were reported in this study between intact 
and cut conditions (Figure 3.4, pg 91). However, during both walking and running 
incision set two, which required ten incisions, resulted in greater changes in shoe distance 
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at IC, HR and TO when compared to incision set one, which required only four incisions. 
This increased magnitude of change in shoe distance with incision set two is accompanied 
by an increase in variance as highlighted by the increased standard deviation associated 
with this incision set. While this increased magnitude of change between the intact 
condition and incision set two may be indicative of a less structurally secure shoe when 
using this incision set, the magnitude of change is below the MID at all-time points.  
 
The magnitude of change in shoe distance recorded at HR during walking within this 
study are comparable to those reported by Shultz and Jenkyn (2012). Changes in shoe 
distance of 1.94mm (± 1.36 mm) and 3.52mm (± 2.48 mm) for incision sets one and two 
respectively were reported within this study (Figure 3.4A, pg 91), while Shultz and 
Jenkyn (2012) reported a change of roughly 2.5mm (± ~ 3mm) for neutral running shoes7. 
Further exploration of Shultz and Jenkyn’s (2012) findings in relation to shoe distance 
revealed no alterations in shoe distance above the MID proposed within this study for 
oval incisions of up to 3.5cm x 2.8cm. The lack of any changes in shoe distance above 
the MID between intact and cut conditions both within this study and the work of Shultz 
and Jenkyn (2012) suggests that this measure may lack the sensitivity to detect changes 
in the running shoes structural integrity. 
 
In contrast to the assessment of shoe distance, changes in shoe angle above the MID were 
reported between intact and cut conditions, at HR during walking with incision set two 
(∆ 5.06° ± 4.83°) (Figure 3.5A, pg 94), and at IC during running with incision set one (∆ 
5.37° ± 3.77°) (Figure 3.5B, pg 94). In addition, to these changes in shoe angle above the 
MID, the magnitude of change in shoe angle was within 0.5° of the MID at IC (∆ 4.64° ± 
                                                          
7 Referred to within the manuscript as cushioning shoe by Shultz and Jenkyn (2012) 
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3.95°) and HR (∆ 4.89° ± 5.68°) when running with incision set two. A trend for greater 
magnitude of change and variance in shoe angles between the intact condition and 
incision set two was evident at HR and TO during both walking and running (Figure 3.5). 
The increased magnitude of change in shoe angle associated with incision set two 
demonstrates that this incision set reduces the running shoes structural integrity in 
comparison to incision set one, especially at HR and TO (Figure 3.5). The changes above 
the MID suggest that kinematic assessment of shoe angles is sensitive enough to detect 
changes in the running shoes structural integrity. Furthermore, the changes in shoe angles 
above the MID between the intact and cut conditions demonstrates that both sets of 
incisions reduce the running shoes structural integrity.  
 
The changes in shoe angle within this work, of 4.52° (± 3.52°) and 5.06° (± 4.83°) for 
incision sets one and two respectively, are larger than the change in shoe angle reported 
by Shultz & Jenkyn (2012) for the neutral running shoe of roughly 1° (± ~ 2°) at HR 
during walking. The differences between the results of this study, for incision set one, and 
those of Shultz and Jenkyn (2012), who used the same set of incisions, may in part be due 
to different shoes being assessed. While the running shoe used within this study is referred 
to as a neutral running shoe it is considerably more minimalistic in design compared to 
the shoe assessed by Shultz and Jenkyn (2012). The larger differences between the 
findings of the present study for incision set two and those of Shultz and Jenkyn (2012) 
could be explained by the different number and locations of incisions used. Furthermore, 
the individual responses to incisions made within the shoes upper, as highlighted by the 
raw data (Tables 3.2 & 3.3, pg’s 90 & 93) within this study, may also explain some of the 
disparity between the magnitude of change reported within this work and that of Shultz 
and Jenkyn (2012), who used only one participant. 
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A potential explanation for the changes in shoe angle above the MID reported within this 
study may be an increase in torsion (twisting) of the shoe upper caused by a decoupling 
of the RF and FF sections of the shoe as a result of the incisions. Another potential 
explanation for the changes above the MID may be that the incisions reduced the stability 
of the foot within the shoe, which would be liable to cause kinematic alterations in 
running patterns. While only one change in shoe angle is above the MID for each incision 
set respectively, the change in shoe angle between the intact condition and incision set 
two are greater at all but one time point, IC during running (Figure 3.5, pg 94). The trend 
for greater changes in kinematic shoe deformation measures with incision set two 
compared to incision set one supports the hypothesis that reducing the number of incisions 
made within the running shoe would maintain the running shoes structural integrity to a 
greater extent. 
 
While the use of kinematic measures to infer the shoes structural integrity have been used 
previously (Shultz and Jenkyn, 2012), no validation of these measure has been undertaken 
to the knowledge of the author. The assessment of shoe angle appears to be sensitive 
enough to detect changes in the running shoes structural integrity. In contrast, the small 
magnitude of change in shoe distance brings into question the sensitivity of this measure 
to detect changes in the shoes structural integrity. Shoe deformation, measured 
kinematically, would be largely influenced by the foot as opposed to the shoe, therefore 
it is likely to be measuring alterations in the position of the foot between conditions at 
each time point during stance. While these alterations in foot position maybe a direct 
result of altered proprioceptive feedback caused by reductions in the structural integrity 
of the shoe, the assessment of shoe distance does not appear to enable the structural 
integrity of the shoe to be determined.  
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3.4.2. Material Strain Analysis 
 
In addition to using the kinematic measures, this study also utilised novel material strain 
analysis to further explore the influence of each incision set upon the loading of the 
running shoe. Theoretically, assessment of the material strain patterns may give a more 
robust indication of how different sets of incisions influence the running shoes structural 
integrity. Alterations in the running shoes structural integrity would be liable to result in 
altered loading patterns within the shoes upper, giving a more direct measure of how 
incisions influence the running shoes structural integrity in comparison to the kinematic 
assessment of shoe deformation. Overall, the findings of this aspect of the work support 
the kinematic findings, with higher TS scores and smaller mean differences between the 
intact condition and incision set one, especially on the medial aspect of the shoe (Tables 
3.4-3.7, pg’s 97, 99, 101 & 104).   
 
The findings of this phase of the study revealed area specific alterations in the running 
shoes structural integrity, brought about by the different incision sets to accommodate the 
two MSFMs (Tables 3.4-3.7, pg’s 97, 99, 101 & 104). Both sets of incisions appear to 
influence the running shoes structural integrity to a greater extent on the lateral aspect of 
the shoe compared to the medial aspect of the shoe. This is highlighted by the lower TS 
scores and increased mean difference on the lateral aspect of the shoe (Tables 3.4-3.7). 
The greater influence of incisions on the lateral aspect of the running shoe is surprising 
as both sets of incisions require a greater number of incisions on the medial aspect of the 
shoe. This finding suggests that the running shoe upper is stressed to a greater extent on 
the lateral aspect of the shoe for the participant who completed this aspect of the work. It 
is important to note at this time that this finding maybe a direct result of the participants 
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mid- to fore-foot running style which may have resulted in more lateral loading of the 
shoe. 
 
Whilst this element of the work provides novel information regarding the influence of 
each incision set upon the running shoes structural integrity, no conclusions have been 
drawn from this aspect of the work. As only one participant was utilised within this phase 
of work it was deemed inappropriate to draw conclusions, especially as the raw data, for 
the kinematic assessment, revealed large inter-individual differences in the response to 
the two incision sets. However this comparison demonstrate the feasibility of using this 
type of approach to determine the influence of different sets of incisions upon the running 
shoes structural integrity. As such future studies should look to expand upon this work, 
exploring the influence of different incision parameters upon the running shoes structural 
integrity using material strain analysis with larger participant populations.  
 
The underlying assumption made within the material strain aspect of this work is that the 
major and minor strain patterns would be consistent across the three shoes had no 
incisions been made. The validity of this assumption is unknown and as such the work 
needs to be interpreted in light of this limitation. Furthermore, the need for static 
calibration trials in each shod condition (intact and cut) within this phase of the work, 
resulted in each shoe acting as its own baseline condition, which may have reduced the 
magnitude of change in material strain between conditions. This may help to explain the 
small mean differences between major and minor strain patterns between the intact and 
each cut condition within this study (Tables 3.4-3.7, pg’s 97, 99, 101 & 104). 
Comparisons of the baseline strain measures would have provided an indication as to how 
the incisions influenced the magnitude of material strain, however this was not 
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undertaken within this work. Additionally the use of only one trial per condition during 
this aspect of the work, due to the labour intensive nature of the analysis, is a further 
limitation of the study. However, despite these limitations the findings of this study 
suggest that material analysis maybe a useful tool in determining the influence of different 
incision parameters (size, number or location) upon the running shoes structural integrity. 
 
The author believes that future research within this area should look to further validate 
the findings of this study with subjective assessment of the running shoes structural 
integrity by participants. Subjective assessment of the running shoes structural integrity 
by participants is advocated based upon feedback from participants received within this 
study. A number of participants reported that the shoe felt more secure with incision set 
one compared to incision set two, however this was not formally assessed. This informal 
feedback suggests that participants were capable of picking up on differences in the 
running shoes structural integrity between incision sets, despite the magnitude of change 
in kinematic/strain measures being small when comparing between the two incision sets. 
Previous studies (Dinato et al., 2015; Mündermann et al., 2002; Miller et al., 2000; 
Hennig et al., 1996) have demonstrated the feasibility and reliability of subjective 
assessments of running shoes based upon cushioning properties or perceived comfort, 
using visual analogue scales. As such the suggestion that runners would be able to 
subjectively assess alterations in the running shoes structural integrity due to incisions 
made within the shoe appears viable. Information of this kind maybe potentially 
important as alterations in the perception of the shoes integrity may result in alterations 
to gait patterns. Alterations in gait patterns brought about by different sets of incisions 
would bring into question the ecological validity of the findings of studies utilising 
incisions to track foot motion. 
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3.5. Summary 
 
This study explored the influence of two incision sets, based upon the incisions required 
to accommodate two MSFMs, upon the running shoes structural integrity. The findings 
of this work demonstrated that each incision set reduced the running shoes structural 
integrity, highlighted by changes in shoe angles above the MID between the intact and 
each cut condition (Figure 3.5, pg 94). Changes in the shoe angle above the MID were 
reported at HR during walking with incision set two and at IC during running with 
incision set one. Overall, the findings of the kinematic shoe deformation measures support 
the use of incision set one, which requires fewer incisions. The use of incision set one is 
further supported by the material strain which demonstrated higher TS scores and smaller 
mean differences between the intact condition and incision set one. However, this aspect 
of the work must be interpreted with caution as only one participant completed this phase 
of testing. The change in shoe angles above the MID upon IC during running with incision 
set one suggests that results at this time point need to be interpreted with caution 
throughout this thesis, as the shoes structural integrity at this time point appears to be 
compromised. As no other changes above the MID were reported with this incision set 
later in the stance phase of running gait researchers and running shoe manufactures can 
interpret the results of studies using this method with a greater level of confidence. Based 
upon the findings of this study incision set one will be used during subsequent chapters 
of this thesis. 
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3.6. Key Findings 
 
3.6.1. Kinematic Shoe Deformation Assessment 
 No changes in shoe distance above the MID between the intact and cut conditions, 
during both walking and running (Figure 3.4, pg 91) 
o Greater magnitude of change in shoe distance with incision set two 
compared to incision set one, during both walking and running (Figure 
3.4) 
 Change in shoe angle at HR during walking with incision set two above MID 
(Figure 3.5A, pg 94) 
 Change in shoe angle at IC during running above MID with incision set one 
(Figure 3.5B, pg 94) 
 Greater magnitude of change in shoe angle with incision set two compared to 
incision set one during walking and running, at all-time points except IC during 
running (Figure 3.5) 
o Changes in shoe angle at IC and HR during running with incision set two 
are within 0.5° of the MID (Figure 3.5B) 
3.6.2. Material Strain Analysis 
 Area specific alterations in the running shoes structural integrity due to each 
incision set (Tables 3.4-3.7, pg’s 97, 99, 101 & 104) 
 Both incisions sets influence the running shoes structural integrity to a greater 
extent on the lateral aspect (Tables 3.4-3.7) 
 Higher levels of symmetry and smaller mean differences in material strain 
between the intact condition and incision set one on the medial aspect of the shoe 
(Tables 3.4-3.5) 
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Chapter 4: Can Static Foot Classification Measures Predict Dynamic 
Medial Longitudinal Arch Motion during Running? 
 
4.1. Introduction 
 
The current model used to recommend running shoes is underpinned by four assumptions 
(Griffiths, 2012); 
1. Excessive pronation and/or impact forces are causal factors in the development 
of running related injuries 
2. A neutral gait pattern is optimal for reducing injury risk 
3. Static foot classification measures can predict dynamic foot motion 
4. Running shoes are capable of controlling the magnitude and/or rate of both foot 
motion and impact loading 
In line with the third assumption of this model, static foot assessments are commonly 
advocated within the running community to classify the foot, with a view to 
recommending the appropriate type of running shoe (ASICS, 2015b; The Athletes Foot, 
2015b; Running Shoes Guru, 2014; Runners World, 2014; Brooks, 2013; Nike, 2013; 
Saucony, 2013; The Running Shop, 2013; ACSM, 2011). Static foot classification 
techniques are underpinned by the premise that structure dictates function, therefore the 
structural alignment or position of the foot, or aspects of the foot, can be used to predict 
dynamic foot motion (Chuter, 2010; Redmond, 2004; Donatelli et al., 1999). The validity 
of this premise however is questionable with little previous research exploring the 
relationship between static foot classification measures and dynamic foot motion during 
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running. A review of the available literature, exploring the extent to which static foot 
classification measures can predict aspects of dynamic foot motion during walking and 
running, can be found in Chapter 2.3.2 (pg 13).  
 
The literature to date has focused on the relationship between static foot posture and 
aspects of dynamic foot motion during barefoot conditions (Lee & Hertel, 2012a; McPoil 
& Cornwall, 2007; Boozer et al., 2002; Nachbauer & Nigg, 1992). However, the 
appropriateness of using the findings of studies exploring the relationship between static 
foot posture and barefoot motion patterns to recommend running shoes is questionable. 
Running shoes are designed to alter aspects of foot motion (Davis, 2014; Nigg & 
Segesser, 1992; Clarke et al., 1984) and studies (Sinclair et al., 2013b, d) have 
demonstrated the ability of different types of running shoes to significantly alter foot 
motion relative to a barefoot condition. The significant differences reported between 
barefoot and shod foot kinematics may alter the relationship between static foot posture 
and dynamic foot motion. As such it is important to determine the relationship between 
static foot classification and shod foot motion during running. To the authors knowledge 
only one study (Hoffman et al., 2015) has explored the relationship between static foot 
classification and dynamic foot motion during shod running. This therefore highlights a 
paucity of information regarding the relationship between static foot classification and 
dynamic foot motion during shod running. Furthermore, if differences in the regression 
coefficients are reported when exploring the relationship between static foot posture and 
dynamic foot motion 
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At the current time there is a lack of understanding and consensus regarding extent to 
which static foot posture relates to dynamic foot motion when running in barefoot and 
shod conditions. Therefore, the aim of this study was to determine the extent to which 
selected static foot classification measures predict dynamic foot motion during barefoot 
and shod running conditions. This study will help to further our understanding as to how 
static foot posture relates to dynamic foot motion in both barefoot and shod conditions. 
Two hypotheses were tested in each condition (barefoot and shod). The first hypotheses 
was that static foot classification would predict discrete variables associated with 
dynamic MLA motion during running, in both barefoot and shod conditions. The second 
hypotheses was that static foot classification would not predict MLA deformation during 
the stance phase of running in either barefoot or shod conditions. 
 
4.2. Method 
 
4.2.1. Participants 
 
A convenient sample of 15 active males (27 ± 5 years, 1.77 ± 0.04m, 80 ± 10kg) were 
recruited from the University of East London and local sports clubs. On average 
participants reported exercising three to four times per week, which included running one 
to two times per week. All participants completed a health screen and physical activity 
questionnaire prior to testing and were free from musculoskeletal or cardiovascular 
injuries or illness at the time of testing (health screen and physical activity questionnaire 
in Appendix VII). Written informed consent was obtained from each participant prior to 
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testing (consent form in Appendix VII). Ethical approval was granted for this study by 
the University of East London Research Ethics Committee (Appendix VI). 
 
4.2.2. Foot Classification Measures 
 
Four potential foot classification measures were identified from a review of the literature 
(Chapter 2.3.2, pg 13) for inclusion within this aspect of the work. The selected foot 
classification measures were: MLAA, ND, RFA and FPI-6. Pilot work was conducted to 
determine the intra-rater reliability of these selected measures (full methods and results 
can be found in Appendix III). The findings of this pilot work demonstrated almost perfect 
reliability for the FPI-6 (ICC(3, 1) = .93) and MLAA (ICC(3, 1) = .86), while the RFA (ICC(3, 
1) = .69) was substantially reliable when interpreted using the method of Landis and Koch 
(1977). In contrast the ND measure displayed only fair intra-rater reliability as determined 
by a weighted Kappa (Kw = .4). Based upon the findings of this pilot study the FPI-6, 
MLAA and RFA were used within this aspect of the work. 
 
A single examiner conducted all foot classification measures. For all measures, 
participants were asked to assume a relaxed standing position in double limb support, 
looking straight ahead with their arms by their sides. The right foot of each participant 
was assessed and the foot classification measures conducted in the following order; FPI-
6, RFA and MLAA. 
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The FPI-6 was conducted following a standard protocol (Redmond, 2005). Talar head 
congruency, lateral malleoli curvature, calcaneal inversion/eversion, talonavicular 
bulging, MLA congruency and FF to RF abduction/adduction were assessed. Each 
component was scored on a scale ranging from -2 to +2, with the cumulative score 
defining foot posture. The cut off points for each foot classification group were; pronated 
6 to 12, neutral 0 to 5, supinated -1 to -12 (Redmond, 2005).  
 
The RFA was calculated (using equation 4.1) from the reconstructed positions of four 
retro-reflective markers, tracked by a VICON MX motion analysis system (VICON 
Motion Systems Ltd., Oxford, England). Markers were attached to the posterior aspect of 
the calcaneus and the shank (Figure 4.1). Marker one was attached to the central aspect 
of the base of the calcaneus, marker two at the insertion of the Achilles tendon on the 
calcaneus, marker three to the centre of the Achilles tendon at the height of the medial 
malleoli and marker four in the centre of the posterior aspect of the shank, 15cm above 
marker three. Markers one and two formed vector u and markers three and four formed 
vector v. The cut off points for foot classification based on the RFA were; ≥5° eversion8 
representative of a pronated foot type, 4° eversion to 4° inversion9 a neutral foot type and 
≥5° inversion a supinated foot type (Jonson & Gross, 1997). 
Eq. 4.1. RFA = Cos-1(
𝑢·𝑣
|𝑢||𝑣|
) 
                                                          
8 Represented by negative RFA 
9 Represented by a positive RFA 
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Figure 4.1. Marker locations for RFA calculation, marker 1 = base of calcaneus, marker 
2 = Incision of the Achilles tendon on the calcaneus, marker 3 = centre of Achilles tendon 
at the height of the medial malleolus and marker 4 = centre of the posterior aspect of the 
shank 15cm above marker 3 
 
The MLAA was calculated, using equation 4.2, from the reconstructed position of three 
retro-reflective markers tracked by the VICON system. Markers were attached to the 
central aspect of the medial malleolus, navicular tuberosity and the medial aspect of the 
first metatarsal head (Figure 4.2). MLAA of <130˚ represented a pronated foot type, 130-
150˚ a neutral foot type and >150˚ a supinated foot type (Dahle et al, 1991). 
  Eq 4.2.  MLAA = Cos-1 (
|𝑎|2+|𝑏|2−|𝑐|2
2|𝑎||𝑏|
) 
Where; 
a = Vector connecting the medial malleolus and the navicular tuberosity 
b = Vector connecting the navicular tuberosity and the first metatarsal head 
c = Vector connecting the medial malleolus and the first metatarsal head 
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Figure 4.2. Surface marking of the anatomical landmarks used to calculate the MLAA; 
MM = medial malleolus, NT = navicular tuberosity, 1MH = 1st metatarsal head and γ = 
MLAA 
 
4.2.3. Three-Dimensional Motion Analysis 
 
Prior to dynamic testing, participant’s height and mass were measured using a Seca 213 
portable stadiometer and Seca 7616 Class IIII scales (Seca, Chino, CA, USA), 
respectively. Additionally, participants leg length was measured as the distance from the 
anterior superior iliac spine to the medial malleolus using a measuring tape (Newey, 
Germany), with knee and ankle widths measured using callipers (Holtain Ltd., Crymych, 
Wales). Eight 14mm retro-reflective markers were attached to participant’s right lower 
limb, using double sided tape, in line with the Plug in Gait (PiG) model (Davis et al., 
1991). As such the lower limb was modelled as three rigid segments; pelvis, thigh and 
shank. The pelvic segment was modelled using markers placed bilaterally at the anterior 
and posterior superior iliac spines. The thigh segment was tracked by markers placed on 
the lateral epicondyle of the femur and on the lateral aspect of the thigh. The shank 
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segment was tracked by markers attached to the lateral malleolus and the lateral aspect of 
the shank.  
 
The calibrated anatomical system technique (CAST) developed by Cappozzo et al., 
(1995) was used to model the foot as four rigid segments, RF, MF, medial and lateral FF 
as defined by the Jenkyn and Nicol (2007) foot model. The CAST technique enables 
segments to be modelled with six degrees of freedom from the position of at least three 
non-collinear tracking markers defined in relation to anatomical markers. For this study 
triad marker clusters were designed and built in-house. The stem of the triad cluster 
consisted of a nylon screw to which three additional nylon screws were attached using 
light weight moulding putty; three 14mm retro-reflective markers were screwed on to 
these additional screws (Figure 4.3). The base of the cluster was a nylon nut glued to a 
faux leather patch. This design enabled the triad clusters to be unscrewed from the base, 
ensuring that the marker locations were not altered between conditions, as the base 
remained attached to the foot. The patch containing the base of the cluster was attached 
to the foot using double sided tape and MicroporeTM surgical tape (3M, Poland).  Within 
this study four triad marker clusters were attached to the foot on the posterior-lateral 
aspect of the calcaneus at the height of the Achilles tendon attachment, the navicular 
tuberosity and the midshaft of the first and fifth metatarsal heads. In addition, to the triad 
clusters, anatomical markers were attached to the foot in line with the Jenkyn and Nicol 
(2007) foot model protocol. To define the RF, markers were attached to the greatest lateral 
elevation of the calcaneus and medial and lateral to the Achilles tendon attachment on the 
calcaneus. To define the MF, markers were attached to the most medial aspect of the 
navicular tuberosity, to the distal dorsal crest of the first cuneiform and to the lateral 
dorsal aspect of the cuboid at the joint with the calcaneus. The medial FF was defined by 
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the markers located on the dorso-medial aspect of the first metatarsal base and head, and 
the lateral FF was defined by markers located on the dorso-lateral aspect of the fifth 
metatarsal base and head. A five second static trial was recorded once all markers had 
been attached. All anatomical markers were removed prior to dynamic testing. 
 
Figure 4.3. Triad marker cluster and marker base designs 
 
During dynamic trials, participants were asked to run at a self-selected pace (2.8 ± 0.5m.s-
1) in barefoot and shod conditions, on a Jaeger LE 300 C treadmill (Erich Jaeger GmBH 
& Co, Wuerzburg, Germany). Participants self-reported shoe size and all wore 
standardized neutral running shoes (ASICS neutral foot classification running shoe, UK 
sizes 8-9.5) provided by the manufacturer. To track the motion of the foot within the shoe, 
2.5cm incisions were made within the shoe in accordance with the literature (Bishop et 
al., 2015; Shultz & Jenkyn, 2012). Based upon the findings of Chapter 3 (pg 75) incisions 
were made within the upper of the running shoe in line with incision set one. Briefly, 
incision set one consists of four incisions, one at each of the following locations; lateral 
to the Achilles tendon attachment, the navicular tuberosity and the midshaft of the first 
and fifth metatarsals. Kinematic data were collected using an eight camera VICON 
system, operating at 200Hz. Prior to data collection the VICON system was calibrated 
following the procedure detailed in Chapter 3.2.1.3 (pg 77). Participants undertook a ten 
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minute familiarization period on the treadmill within the Motion Analysis Laboratory 
prior to data collection, to reduce kinematic differences between overground and 
treadmill locomotor patterns (Riley et al., 2008; Lavcanska et al., 2005). Data was 
collected continuously for the final 30 seconds of three minute long dynamic trials in both 
barefoot and shod conditions. 
 
4.2.4. Data Processing 
 
Raw marker trajectories were reconstructed and labelled manually in VICON Nexus 1.7.1 
(Vicon Motion Systems Ltd., Oxford, England). Gaps, of up to five frames, in marker 
trajectories were filled using the in-built pattern fill function within VICON Nexus 1.7.1. 
The labelled marker trajectories were filtered within VICON Nexus 1.7.1 using a 20Hz 
Butterworth filter.  
 
The treadmill used within this study was not instrumented, as such gait cycle parameters 
were identified from the kinematic data. The change in vertical velocity, from negative to 
positive, of either the RF or lateral FF marker clusters, depending on foot striking pattern, 
was used to identify IC (Fellin et al., 2010). For participants who ran with a RF strike 
pattern the change in vertical velocity of the RF marker cluster occurred earlier than the 
change in the same parameter of the lateral FF marker cluster. FF strike patterns resulted 
in the change in the vertical velocity of the lateral FF marker cluster occurring first. While 
the change in vertical velocity of the RF and lateral FF marker clusters occurred 
simultaneously with MF strike patterns. Peak knee extension, calculated within VICON 
Nexus 1.7.1 using the in-built PiG pipeline, identified TO (Fellin et al., 2010). Processed 
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dynamic trials were cropped to five consecutive gait cycles, both the static and dynamic 
trials were then exported to MatLab R2013b (8.2.0.701) (MathWorks, Natick, Ma, USA). 
 
CAST was used to calculate the position of the navicular tuberosity and head of the first 
metatarsal markers throughout the dynamic trials from the position of the MF and medial 
FF clusters respectively. The positions of these markers in addition to the lateral malleoli 
marker were used to calculate the MLAA throughout the dynamic trials. To calculate the 
MLAA during the dynamic trials, the position of the lateral malleoli marker was projected 
medially, using the ankle width, to give an indication of the medial malleoli position. 
MLAA at each time frame within the stance phase was calculated as a projection angle10 
in 3D about a floating plane within the laboratory co-ordinate system, using Equation 4.2 
(pg 118). This process was repeated for the static trial to give two static MLAA, one 
calculated within the static trial, using the position of the medially projected lateral 
malleoli marker, and the one calculated from the foot classification trial using the true 
position of the medial malleoli. The difference between these two values was then 
calculated to act as an angular offset; this offset value was then applied to the MLAA 
calculated throughout the dynamic trial to account for differences in the projected and 
actual positions of the medial malleoli. Dynamic MLA motion was averaged over five 
consecutive gait cycles for each participant and normalised to 100% stance phase 
duration. MLAA at IC, MS (50% stance phase) and TO of the gait cycle were extracted 
for analysis (Figure 4.4). Additionally, MLA deformation, defined as the difference in 
MLAA from IC to its minimal angle, was calculated. These calculations were undertaken 
using custom written script in MatLab R2013b. 
                                                          
10 Projection angles are defined by Simon et al., (2006) “as the angle between two vectors (or segments) 
in the perspective view along the axis of rotation”. 
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Figure 4.4. Graphical illustration of medial longitudinal arch (MLA) parameters extracted 
for analysis. IC = Initial contact, MS = midsupport (50%), TO = Toe off  
 
4.2.5. Data Analysis 
 
Descriptive statistics (mean, standard deviation, minimum and maximum) were 
calculated for each static measure and each aspect of dynamic foot motion within 
Microsoft Excel 2013 (Microsoft, Redmond, WA, USA). Pearson correlation analysis 
was undertaken to determine the relationship between each static foot classification 
measure, where data met parametric assumptions. When data violated parametric 
assumptions Spearman’s rank correlation analysis was undertaken. Bivariate linear 
regression was undertaken to determine the ability of each static foot classification 
measure to predict aspects of dynamic foot motion. MLA deformation and MLAA at IC, 
MS and TO were input as the dependent variable into separate regression models. Within 
each regression model, the three selected static foot classification measures (RFA, MLAA 
and FPI-6) were input individually as the predictor variable. All statistical testing was 
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undertaken using SPSS 20 (IBM, Armonk, NY, USA). The level of significance for this 
study was set at p < .05. 
 
Prior to running the statistical analysis a number of assumptions were checked to ensure 
the data met the required criteria for parametric analysis (Field, 2009, pg 220-221). For 
the Pearson correlation analysis the standard residuals of each correlation pairing were 
checked for normal distribution using a Shapiro-Wilk test. All data were normally 
distributed, except for the residuals for the MLAA and RFA (Appendix V). The linearity 
of each correlation pairing was checked visually, all pairings demonstrated a linear 
relationship (Appendix V).  
 
The following assumptions were checked to ensure each regression model was unbiased. 
The measurement level of both the predictor and outcome variables were checked. The 
RFA and MLAAs were measured on interval scales. The FPI-6 was measured using an 
ordinal scale. As such the FPI-6 scores were transformed into logit values through Rasch 
modelling to convert the ordinal scores into interval measures for parametric statistical 
analysis. The transformed FPI-6 scores were taken from Keenan et al, (2007) as a large 
sample size is required for Rasch modelling. All predictor variables had a level of 
variance within the measured scores (Table 4.1, pg 132). Data were checked for 
homoscedasticity visually by plotting the standardised predicted values of the dependent 
variable within the regression model against the models standardised residuals. All 
regression pairings demonstrated homoscedasticity (Appendix V). The Durbin-Watson 
test was used to test for independence of errors within the regression models. All Durbin-
Watson scores were between one and three (Appendix V), which based on the rule of 
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thumb advocated by Field (2009, pg 221) suggests that the residuals are uncorrelated and 
as such the error within the model is independent. The errors within each regression model 
were checked for normal distribution, for this the standardised residuals associated with 
each regression pairing were calculated and checked for normality using a Shapiro-Wilk 
test. Standardised residuals for all regression pairings were normally distributed 
(Appendix V). The linearity of each regression model was checked prior to undertaking 
the analysis by plotting the outcome variable against the predictor variable in Microsoft 
Excel 2013. All regression pairings demonstrated linear relationships when checked 
visually (Figures 4.6 - 4.11, pg’s 137-9, 142-4). 
 
4.3. Results 
 
4.3.1. Static Foot Classification 
 
Table 4.1 contains both individual scores and the average scores for the participant cohort 
for each of the selected static foot classification measures. The averaged data 
demonstrates that participants were clustered on the boundary between neutral and 
pronated foot classifications for each of the selected static foot classification measures 
(Table 4.1). The minimum score recorded for the FPI-6 was -4 (participant 3) and the 
maximum score for the FPI-6 was 12 (participant 11) (Table 4.1). The lowest MLAA 
recorded was 108° (participant 11) and the highest MLAA 151° (participant 6) (Table 
4.1). The largest amount of RFA eversion recorded was 17° (participant 11), the largest 
RF inversion reported was 3° (participant 6) (Table 4.1).  
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Table 4.1. Individual scores and group average and standard deviation (SD) for the Foot 
Posture Index (FPI-6), medial longitudinal arch angle (MLAA) and rearfoot angle (RFA) 
  FPI-6† MLAA RFA 
P
ar
ti
ci
p
an
t 
1 1 131° 1° Ev 
2 6 131° 4° Ev 
3 -4 148° 2° Inv 
4 -1 140° 1° Inv 
5 7 127° 5° Ev 
6 4 151° 3° Inv 
7 1 144° 1° Inv 
8 4 121° 7° Ev 
9 2 125° 4° Ev 
10 10 117° 6° Ev 
11 12 108° 17° Ev 
12 3 139° 9° Ev 
13 8 128° 7° Ev 
14 7 118° 6° Ev 
15 4 147° 2° Inv 
 
Mean 4 132° 4° Ev 
SD 4 13° 5° 
† Untransformed scores 
 
Table 4.2 displays the number of participants classified as having a pronated, neutral and 
supinated foot as determined by each of the selected static foot classification measures. 
Six participants were classified as having a pronated foot when using the FPI-6, seven 
were classified as having a pronated foot when using the MLAA and seven as having a 
pronated foot based upon their RFA (Table 4.2). Eight participants were classified as 
having a neutral foot type using both the FPI-6 and MLAA, seven participants were 
classified as having a neutral foot type based upon their RFA (Table 4.2). One participant 
was classified as having a supinated foot type by the FPI-6 and MLAA (Table 4.2). No 
participants were classified as having a supinated foot based upon their RFA (Table 4.2).  
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Table 4.2. Number of participants classified as having pronated, neutral and supinated 
feet when using the Foot Posture Index (FPI-6), medial longitudinal arch angle (MLAA) 
and rearfoot angle (RFA) 
 FPI-6 MLAA RFA 
Pronated 6 7 7 
Neutral 8 8 7 
Supinated 1 1 0 
 
The relationship between each static foot classification measure is displayed in Table 4.3. 
A strong negative correlation (r = -.74 [95% CIs = -.91, -.37], p = .002) was reported 
between the FPI-6 and static MLAA (Table 4.3). A strong negative correlation (r = -.74 
[95% CIs = -.91, -.37], p = .001) was reported between the FPI-6 and RFA (Table 4.3). 
A strong positive correlation (rs = .80 [Bootstrapped 95% CIs = .33, .98], p > .001) was 
reported between the static MLAA and RFA (Table 4.3). 
 
Table 4.3. Correlation matrix displaying the relationship (r [95% CIs]) between the Foot 
Posture Index (FPI-6), medial longitudinal arch angle (MLAA) and rearfoot angle (RFA); 
† Spearman correlation coefficient [Bootstrapped 95% CIs] 
  FPI-6 MLAA RFA 
FPI-6 1 
-.74** 
[-.91, -.37] 
-.74*** 
[-.91, -.37] 
MLAA - 1 
.80†*** 
[.33, .98] 
RFA - - 
1 
 
* p < .05   ** p < .005    *** p < .001 
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4.3.2. Dynamic Medial Longitudinal Arch Motion 
 
Figure 4.5 displays the MLA motion pattern over the stance phase of running, in both 
barefoot and shod conditions. The MLA motion patterns display the expected motion 
pattern in both the barefoot and shod conditions, with the MLAA reducing throughout the 
first 40-50% of the stance phase (Figure 4.5). From peak MLA deformation, the MLAA 
increases through to TO in both the barefoot and shod conditions (Figure 4.5). Figure 4.5 
highlights that the MLAA is lower throughout the stance phase of running gait in the shod 
condition compared to the barefoot condition. Table 4.4 contains descriptive statistics for 
MLAA at IC, MS and TO as well as MLA deformation during barefoot and shod running 
conditions. 
 
Figure 4.5. Dynamic MLA motion throughout the stance phase of running gait in barefoot 
(black lines) and shod (grey lines) conditions; Mean (solid lines) and ± 1 standard 
deviations (dashed lines) 
 
 130 
 
 
Table 4.4. Mean and standard deviation for medial longitudinal arch angles (MLAA) at 
initial contact (IC), midsupport (MS), toe off (TO) and MLA deformation during the 
stance phase of barefoot and shod running 
 IC MS TO Deformation 
Barefoot  135° (12°) 128° (12°) 139° (14°) 8°  (4°) 
Shod 133° (11°) 125° (12°) 136° (14°) 9° (3°) 
 
4.3.3. Relationship between Static Foot Classification and Dynamic Foot Motion when 
Running Barefoot 
 
The relationships between the three foot classification measures and MLA motion during 
the stance phase of barefoot running are shown in Table 4.5 and displayed graphically in 
Figures 4.6-4.8 (pg’s 132-4). All three foot classification measures were significant 
predictors of MLAA at IC, MS and TO during the stance phase of barefoot running (r = 
-.67 to .95, p < .05). The FPI-6 had a moderate negative relationship with MLAA at IC (r 
= -.67, F(1) = 10.58, p = .006) and strong negative relationships with MLAA at MS (r = -
.77, F(1) = 18.39, p = .001) and TO (r = -.73, F(1) = 14.89, p = .002) during barefoot 
running. The static MLAA had a strong positive relationship with MLAA at IC (r = .95, 
F(1) = 119.96, p < .001), MS (r = .94, F(1) = 93.44, p < .001) and TO (r = .91, F(1) = 65.89, 
p < .001) during barefoot running. Strong positive relationships were reported between 
the RFA and dynamic MLAA at IC (r = .77, F(1) = 19.31, p = .001), MS (r = .81, F(1) = 
23.87, p < .001) and TO (r = .77, F(1) = 18.99, p = .001) during barefoot running (Table 
4.5). None of the static foot classification measures were significant (r = .03 to .35, p > 
.05) predictors of MLA deformation throughout the stance phase of barefoot running.  
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Table 4.5. Regression coefficient (r) for static foot classification measures and aspects of 
dynamic MLA motion throughout the stance phase of barefoot running 
 Dynamic MLA motion 
 IC*** MS*** TO Deformation** 
FPI-6 -.67*** -.77** -.73** .35 
MLAA  -.95*** -.94*** -.91*** -.03 
RFA -.77*** -.81*** -.77*** -.18 
* p < .05 ** p < .005 *** p < .001 
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A  B  
C  D  
Figure 4.6. Static Foot Posture Index (FPI-6) (Transformed scores) plotted against medial longitudinal arch angle (MLAA) at (A) initial contact (IC), 
(B) midsupport (MS) and (C) toe off (TO), and (D) medial longitudinal arch (MLA) deformation. Solid black line represents the regression line. The 
regression equation and level of variance explained by each regression model (R2) are displayed on each figure   
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A  B  
C  D  
Figure 4.7. Static medial longitudinal arch angle (MLAA) plotted against MLAA at (A) initial contact (IC), (B) midsupport (MS) and (C) toe off (TO), 
and (D) medial longitudinal arch (MLA) deformation. Solid black line represents the regression line. The regression equation and level of variance 
explained by each regression model (R2) are displayed on each figure  
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A  B  
C  D  
Figure 4.8. Static rearfoot angle (RFA) plotted against medial longitudinal arch angle (MLAA) at (A) initial contact (IC), (B) midsupport (MS) and (C) 
toe off (TO), and (D) medial longitudinal arch (MLA) deformation. Solid black line represents the regression line. The regression equation and level of 
variance explained by each regression model (R2) are displayed on each figure  
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4.3.4. Relationship between Static Foot Classification and Dynamic Foot Motion when 
Running Shod 
 
The relationships between the three foot classification measures and MLA motion during 
the stance phase of shod running are shown in Table 4.6 and displayed graphically in 
Figures 4.9-4.11 (pg’s 137-9). The static MLAA and RFA were significant predictors of 
MLAA at IC, MS and TO during the stance phase of shod running (r = .65 to .88, p < 
.05). The FPI-6 was a significant predictor of MLAA at TO during the stance phase of 
shod running, with a moderate negative relationship (r = -.55, F(1) = 5.76, p = .03) reported 
between these variables. Weak non-significant (r = -.41 & -.48, p > .05) relationships 
were reported between the FPI-6 and dynamic MLAA at IC and MS during shod running. 
The static MLAA had a strong positive relationship with MLA motion at IC (r = .87, F(1) 
= 39.06, p < .001), MS (r = .83, F(1) = 27.70, p < .001) and TO (r = .88, F(1) = 44.78, p < 
.001) during shod running. Moderate positive relationships were reported between the 
RFA and dynamic MLAA at IC (r = .67, F(1) = 10.37, p = .007)  and MS (r = .65, F(1) = 
9.33, p = .009) during shod running. The RFA had a strong positive relationship with 
MLAA at TO (r = .70, F(1) = 12.35, p = .004) during shod running. Weak but non-
significant (r = .03 to .30, p > .05) relationships were reported for each static foot 
classification measure and dynamic MLA deformation throughout the stance phase of 
shod running.  
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Table 4.6. Regression coefficient (r) for static foot classification measures and aspects of 
dynamic MLA motion throughout the stance phase of shod running 
 Dynamic MLA motion 
 IC*** MS*** TO** Deformation 
FPI-6 -.41*** -.48*** -.55*** .30 
MLAA  .87*** .83*** .88*** .03 
RFA .67*** .65*** .70*** .07 
* p < .05 ** p < .005 *** p < .001 
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A  B  
C  D  
Figure 4.9. Static Foot Posture Index (FPI-6) (Transformed scores) plotted against medial longitudinal arch angle (MLAA) at (A) initial contact (IC), 
(B) midsupport (MS) and (C) toe off (TO), and (D) medial longitudinal arch (MLA) deformation. Solid black line represents the regression line. The 
regression equation and level of variance explained by each regression model (R2) are displayed on each figure  
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A  B  
C  D  
Figure 4.10. Static medial longitudinal arch angle (MLAA) plotted against MLAA at (A) initial contact (IC), (B) midsupport (MS) and (C) toe off (TO), 
and (D) medial longitudinal arch (MLA) deformation. Solid black line represents the regression line. The regression equation and level of variance 
explained by each regression model (R2) are displayed on each figure  
 139 
 
 
A  B  
C  D  
Figure 4.11. Static rearfoot angle (RFA) plotted against medial longitudinal arch angle (MLAA) at (A) initial contact (IC), (B) midsupport (MS) and (C) 
toe off (TO), and (D) medial longitudinal arch (MLA) deformation. Solid black line represents the regression line. The regression equation and level of 
variance explained by each regression model (R2) are displayed on each figure 
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4.4. Discussion 
 
In line with the secondary aims of this thesis, the present study determined whether static 
foot classification measures predicted dynamic foot motion during running. The 
relationship was explored in a barefoot condition in accordance with the previous 
literature (McPoil & Cornwall, 2007; Redmond et al., 2006; Hunt et al., 2000; McPoil & 
Cornwall, 1996a). Additionally the relationship was explored in a shod condition as 
previous studies (Sinclair et al., 2013b, d) have revealed differences in barefoot and shod 
running kinematics, which may influence the relationship between static foot 
classification and dynamic foot motion. Two hypotheses were tested within this study in 
each condition. The first hypotheses was that static foot classification would predict 
discrete variables associated with dynamic MLA motion during running, in both barefoot 
and shod conditions. The second hypotheses was that static foot classification would not 
predict MLA deformation during the stance phase of running in either barefoot or shod 
conditions. The findings of this study support both hypotheses in the barefoot condition, 
with all static foot classification measures significant predictors of MLAA at IC, MS and 
TO but not MLA deformation (Table 4.5, pg 131). In contrast, the first hypotheses was 
only partially supported in the shod condition. Both the static MLAA and RFA were 
significant predictors of MLAA at IC, MS and TO, however FPI-6 was only a significant 
predictor of MLAA at TO (Table 4.6, pg 135). None of the static foot classification 
measures were significant predictors of MLA deformation during either condition (Tables 
4.5 & 4.6), findings that support hypotheses two. 
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The findings from this study demonstrated that static MLAA was the optimal means of 
predicting dynamic MLAA at IC, MS and TO during both barefoot and shod conditions 
(Tables 4.5 & 4.6, pg’s 131 & 135). Variance in static MLAA accounted for 90%, 88% 
and 84% of the differences in MLAA at IC, MS and TO respectively during barefoot 
running and 75%, 68% and 78% of the differences in MLAA at IC, MS and TO 
respectively during shod running. The RFA accounted for 60%, 65% and 59% of the 
variance in MLAA at IC, MS and TO respectively during barefoot running and 44%, 42% 
and 49% of the variance in MLAA at IC, MS and TO during shod running. Variation in 
FPI-6 scores accounted for 45%, 59% and 53% of the variance in MLAA at IC, MS and 
TO respectively during barefoot running. The FPI-6 accounted for 31% of the variance 
in MLAA at TO during shod running, this was the only significant relationship between 
the FPI-6 and dynamic MLAA during shod running (Table 4.6). No significant 
relationships were reported between any of the selected static foot classification measures 
and MLA deformation during barefoot or shod running condition (Table 4.5 & 4.6).   
 
The findings of this study revealed differences in the level of variance explained for each 
of the selected foot classification measures between the barefoot and shod conditions 
(Tables 4.5 & 4.6, pg’s 131 & 135). The level of explained variance between each of the 
selected static foot classification measures and MLAA at discrete time points is 
consistently lower during the shod condition (31% - 78%) compared to the barefoot 
condition (45% - 90%). Additionally, only one significant relationship was reported 
between the FPI-6 and MLAAs at discrete time points during the shod condition (Table 
4.6). The FPI-6 was significantly related to MLAAs at IC, MS and TO during the barefoot 
condition (Table 4.5). The correlation coefficients were also higher during the barefoot 
condition (r = .03 to .35) compared to the shod condition (r = .03 to .30) when exploring 
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the relationship between the selected static foot classification measures and MLA 
deformation; however these relationships were not significant in either condition (Tables 
4.5 & 4.6). The different level of explained variance between the barefoot and shod 
conditions demonstrates that the running shoe influences the relationship between each 
static foot classification measure and dynamic MLA motion. This finding highlights the 
importance of the footwear condition upon studies of this nature. As such it would seem 
pertinent to conduct future studies looking to validate the use of static foot classification 
measures to recommend running shoes in a shod condition. 
 
The findings of this study concur with the previous literature exploring the relationship 
between dynamic foot motion and static foot classification measures. McPoil and 
Cornwall (2007) reported a similar level of explained variance (85%) between static 
MLAA and the MLAA at MS during barefoot running. There is no comparable data for 
the FPI-6 when looking to predict foot motion during running. However, the explained 
variance reported within this work for the FPI-6 is comparable to the variance when 
predicting foot position at MS (41%) during walking, using a comparable participant 
population (Redmond et al., 2006). Again no previous studies were identified exploring 
the relationship between the RFA and dynamic foot motion during running. The levels of 
explained variance between RFA and MLAA at IC, MS and TO reported within this study 
are in accordance with those previously reported between this static measure and dynamic 
foot motion during walking. Hunt et al., (2000) and McPoil & Cornwall (1996a) 
demonstrated that static measures of the RFA could account for between 21% and 69% 
of the variance in maximal RF eversion during walking.  
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The strong relationships (r ≥ .83) reported within this study between static MLAA and 
MLAA at discrete time points within the stance phase were expected on the basis of 
previous literature (McPoil & Cornwall, 2007). The strong relationships between these 
variables are liable to be a result of both variables measuring the same construct, the 
MLA, as large deviations between static and dynamic MLAAs would not be expected. 
Analysis of the descriptive statistics supports this assumption with static and dynamic 
MLAAs having similar magnitude and variance (Tables 4.1 & 4.2, pg 127 & 128). These 
findings suggest that participants with a static MLAA of around 130° will have dynamic 
MLAAs around 130°, which is likely to explain the high levels of association reported 
both within this study and the previous literature. 
  
Of more interest are the moderate to strong relationships (r ≥ .55) reported between both 
the FPI-6 and RFA and MLAA at discrete time points within the stance phase of running 
gait. These findings are likely a result of the strong correlations reported between both 
the FPI-6 and RFA and the static MLAA (Table 4.3, pg 128). The strong correlations 
between the FPI-6 and both the static MLAA and RFA are likely a result of the FPI-6 
involving the visual assessment of each of these parameters (Table 4.3). While the strong 
correlation between the static MLAA and the RFA is liable to be a result of the coupling 
of the RF and the MF via the subtalar joint (Sarrafian, 1987).  The stronger correlation 
reported between the static MLAA and the RFA, in comparison to the static MLAA and 
the FPI-6, is liable to explain why the RFA explains a greater proportion of the variance 
in dynamic MLAA at discrete time points, during the stance phase of barefoot and shod 
running, than the FPI-6. The disparity in the extent to which each static foot classification 
tool predicts dynamic MLAA at discrete time points during running is likely due to the 
parameters measured by each static tool. Furthermore, the disparity in the extent to which 
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each static foot classification measure predicts dynamic MLAA at discrete time points 
highlights that the classification measures are not analogous in the manner in which they 
classify the foot. Assessment of the both the individual participants data and the number 
of participants classified as having a neutral, pronated and supinated foot type confirms 
this (Tables 4.1 & 4.2, pg’s 127 & 128). Participant six for example is classified as having 
a neutral foot by both the FPI-6 and RFA but a supinated foot by the MLAA (Table 4.1). 
In contrast, participant nine is classified as having a neutral foot by both the FPI-6 and 
RFA but a pronated foot when determined by static MLAA (Table 4.1). 
 
While moderate to strong relationships (r > .5) have been reported between static foot 
classification measures and dynamic MLAA at discrete time points during both barefoot 
and shod running (Table 4.5 & 4.6, pg’s 131 & 135), the usefulness of being able to 
predict these angles is questionable. Although the link between foot type and running 
related injuries is still not well understood, MLA deformation has theoretically been 
associated with increased risk of running related injuries (Asplund & Brown, 2005, 
Williams III et al., 2001b). Therefore the absence of a significant relationship between 
the selected foot classification measures and MLA deformation during running, questions 
the validity of static measures to classify runners’ feet, with a view to recommending 
footwear interventions designed to reduce injury risk. The lack of a significant 
relationship between any of the selected static foot classification measures and MLA 
deformation during running reported within this study is consistent with the findings of 
Nachbauer and Nigg (1992) and Hoffman et al., (2015). Nachbauer and Nigg (1992) 
reported no significant correlation between MLA height and MLA deformation during 
running. While Hoffman et al., (2015) reported no significant relationships between ND 
or FPI-6 measures and dynamic radiographic measures of ND during running in barefoot, 
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minimalist or motion control running shoes. These findings challenge the third 
assumption within the footwear recommendation model, that static foot classification 
measures can predict dynamic foot motion, and as such has implications within the 
running community; where static foot classification measures are commonly used to 
recommend running shoes (ASICS, 2015b; The Athletes Foot, 2015b; Running Shoes 
Guru, 2014; Runners World, 2014; Brooks, 2013; Nike, 2013; Saucony, 2013; The 
Running Shop, 2013, ACSM, 2011). This study therefore advocates moves away from 
static foot assessment. Dynamic assessment of foot motion patterns may be a more 
promising tool when looking to recommend footwear or orthotic interventions. However, 
future research is required to determine appropriate cut off points and assessment 
techniques for dynamic foot classification.  
 
While not assessed statistically within the current work, assessment of the MLA motion 
patterns over the stance phase of barefoot and shod running demonstrates that MLAA 
was lower throughout the stance phase of running gait in the shod condition (Figure 4.5, 
pg 129). Furthermore, peak MLA deformation appears to occur at a later time point within 
the stance phase of running gait in the shod condition compared to the barefoot condition, 
when compared visually (Figure 4.5). However, the differences between MLAAs at 
discrete time points within the stance phase of running gait in the barefoot and shod 
conditions are small (Table 4.4, pg 131).  
 
While the footwear biomechanics literature (Lilley et al., 2013; Rose et al., 2011; Butler 
et al., 2007; Cheung & Ng, 2007) to date has tended to focus on the assessment of RF 
eversion to estimate foot pronation the current study used the MLAA as an estimator of 
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pronation. The MLAA was used within this study as the PiG model used to model the 
lower limb uses only a single vector to represent the foot (Davis et al., 1991). As such the 
PiG model provides data on sagittal plane foot motion only. While frontal plane RF 
motion could have been calculated using a more traditional approach using two markers 
attached to the RF and two to the shank. This approach has typically been used when 
assessing RF motion in 2D and is heavily influenced by out of plane rotations (Areblad 
et al., 1990). While this could have been overcome by the use of 3D measurement, 
assessment of the MLAA was selected to quantify dynamic foot motion within this work 
as it takes into account the motion of both the RF and MF (Sarrafian, 1987).  
 
The findings from this study need to be interpreted in light of the limitations.  The work 
was exploratory and as a result the sample size was small, with limited representation of 
foot types (Table 4.2, pg 128). The spread of foot classification scores, within this study, 
were clustered on the boundary between the pronated and neutral foot classification 
groups (Table 4.1, pg 127). This factor may have increased the homogeneity within the 
sample population, reducing the variance in MLAA motion patterns between participants. 
Additionally, the use of the lateral malleoli marker to estimate the position of the medial 
malleoli during dynamic trials may be viewed as a limitation of the study. The lateral 
malleoli marker was used for the MLAA calculation out of necessity. Initially the MLA 
height to length ratio calculated within the Jenkyn and Nicol (2007) foot model was 
identified as a measure of dynamic foot function. However, the height to length ratio was 
found to lack robustness (see Appendix IV). For two participants a marker was placed on 
the medial malleoli throughout the dynamic trials in order to compare MLAA calculated 
using the medial malleoli marker and the medial projection of the lateral malleoli marker. 
Comparisons of the dynamic MLA motion calculated by these two methods revealed 
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mean differences of 3° between the two methods of calculating dynamic MLAAs (see 
Appendix IV). This therefore suggests that the method used to calculate MLAAs within 
this study accurately replicate those measured directly using a marker located on the 
medial malleoli.  
 
4.5. Summary 
 
The three foot classification measures used in this study were significant predictors of the 
MLAA at IC, MS and TO during barefoot running, supporting hypotheses one. The 
MLAA and RFA were significant predictors of the MLAA at IC, MS and TO during shod 
running, yet the FPI-6 was only a significant predictor of MLAA at TO. These findings 
only partially supported hypotheses one in the shod condition. The static MLAA was the 
optimal means of predicting dynamic MLAA at discrete time points within the running 
gait cycle during both barefoot and shod running. However, the usefulness of being able 
to predict MLAA at discrete time points is questionable. MLA deformation not angles at 
discrete time points has been linked to running related injuries. The key finding within 
this work was that the selected static foot classification measures were not significant 
predictors of MLA deformation during either barefoot or shod running. This finding 
supports hypotheses two in each condition and questions the usefulness of the selected 
static foot classification measures when looking to characterise the foot during running. 
Based upon the findings of this work the third assumption within the current footwear 
recommendation model, that static foot classification measures can predict dynamic foot 
motion, is challenged. It is speculated that dynamic foot classification may offer a more 
valid means of recommending running shoes. 
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4.6. Key Findings 
 
Barefoot 
 FPI-6, MLAA and RFA are significant predictors of dynamic MLAAs at IC, MS 
and TO during barefoot running (Table 4.5, pg 131) 
 None of the selected foot classification (FPI-6, MLAA and RFA) were significant 
predictors of MLA deformation during barefoot running (Table 4.5) 
 
Shod 
 MLAA and RFA are significant predictors of dynamic MLAAs at IC, MS and TO 
during shod running (Table 4.6, pg 135) 
 FPI-6 was a significant predictor of dynamic MLAA at TO during shod running 
(Table 4.6) 
 None of the selected foot classification (FPI-6, MLAA and RFA) were significant 
predictors of MLA deformation during shod running (Table 4.6) 
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Chapter 5: Kinematic Comparison of Neutral, Motion Control and 
Cushioned Running Shoes 
 
5.1. Introduction 
 
The differential injury risk associated with each of the three foot classification groups 
(Chapter 2.5.1, pg 46) has led to the development of three different types of running shoe; 
motion control, neutral and cushioned (Butler et al., 2007). The design features of shoes 
from each of these categories differ to meet the assumed needs of runners from each of 
foot classification groups (ASICS, 2014; Butler et al., 2007; Asplund & Brown, 2005; 
McPoil, 2000). Motion control running shoes are designed to reduce excessive pronation, 
in order to enhance the propulsive efficiency of the foot, compared to the neutral and 
cushioned shoes (Davis, 2014; Butler et al, 2007; Asplund & Brown, 2005; Prichard, 
2001). Cushioned running shoes are designed to enhance force attenuation upon ground 
contact and to increase foot pronation, in relation to the neutral and cushioned shoes 
(Davis, 2014; Asplund & Brown, 2005; Prichard, 2001). While neutral running shoes are 
designed to provide a degree of motion control and force attenuation (Davis, 2014; Butler 
et al., 2007; Asplund & Brown, 2005; Prichard, 2001). 
 
The practice of categorising running shoes based upon their design features is prominent 
within the running community (ASICS, 2015a; The Athletes Foot, 2015b; Brooks, 2015; 
Nike, 2015b; Runners World, 2014; Saucony, 2013; The Running Shop, 2013). A review 
of the literature (Chapter 2.6.1, pg 58) revealed a dearth of information regarding the 
influence of different types of running shoe upon foot and lower limb motion. This 
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paucity of information brings into question the claims made by running shoe 
manufactures, in relation to how each type of running shoe influences foot motion. This 
in turn questions the validity of recommending different types of running shoes to 
recreational runners. Therefore, the aim of this phase of work was to determine the 
influence of motion control, neutral and cushioned running shoes on the motion of the 
foot and lower limb. To facilitate the comparison of the different types of running shoes 
the neutral shoe will be used as the baseline condition throughout this chapter, as this shoe 
theoretically offers a medium between the motion control and cushioned shoes. Three of 
hypothesis were tested within this work; 
H1: Lower limb and inter-segmental foot kinematics will differ significantly 
between motion control, neutral and cushioned running shoes 
H2: Motion control and cushioned running shoes will alter peak ankle eversion 
and ROM compared to the neutral running shoe 
H3: Motion control and cushioned running shoes will alter peak MLA 
deformation and ROM compared to the neutral running shoe 
 
5.2. Method 
 
5.2.1. Study Design 
 
Experimental, within subject, repeated measures design. 
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5.2.2. Power Calculation 
 
A power calculation (equation 5.1) was undertaken using the method of Eng (2003) and 
data published by Cheung and Ng (2007), who compared RF eversion in motion control 
and neutral running shoes.  
 Eq. 5.1. 𝑛 =
4𝜎2(𝑧𝑐𝑟𝑖𝑡+ 𝑧𝑝𝑤𝑟)
𝐷2
 
Where; 
n = number of participants 
σ = standard deviation 
zcrit = significance criterion 
zpwr = statistical power 
D = minimum expected difference 
The values of zcrit and zpwr were set at 1.96 and 0.842, respectively, in accordance with 
the recommendations of Eng (2003), this set the alpha value at .05 and the statistical 
power at 80%. The values of σ and D were set at 3.36 and 3.53 respectively, based upon 
the mean difference and standard deviation reported by Cheung and Ng (2007). The 
power calculation revealed a minimum of 17 participants were required for this study. 
 
5.2.3. Participants 
 
Twenty-eight active males (26 ± 7years, 1.77 ± 0.05m, 79 ± 9kg) were recruited from 
within the University of East London and local sports clubs. All participants met the 
inclusion criteria for this study. The inclusion criteria for this study were that participants 
were male, 18 – 45 years old with no musculoskeletal injuries in the three months prior 
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to testing, or cardiovascular illness as determined by health screen and physical activity 
questionnaires (Appendix VII). Written informed consent was obtained from each 
participant prior to testing (consent form in Appendix VII). On average participants 
reported exercising three to four times per week, including running two to three times per 
week. Ethical approval was granted for this study by the University of East London 
Research Ethics Committee (Appendix VI). 
 
5.2.4. Running Shoes 
 
Standardised footwear was provided to all participants. Motion control (ASICS Gel-
Forte), neutral (ASICS GT 2000 2) and cushioned (ASICS Gel-Cumulus 15) running 
shoes. The running shoes were provided by the manufacturer and classified as either 
motion control, neutral or cushioned based upon the manufacturer’s advice. Details 
regarding the characteristics of each type of running shoe are provided in Table 5.1.  
 
Table 5.1. Selected characteristics of the motion control, neutral and cushioned running 
shoes 
 Motion 
Control 
Neutral Cushioned 
Mass (g) 377.1 311.9 328.9 
Heel Height (mm)  39.0 33.7 36.8 
Forefoot Height (mm)  27.3 24.6 25.9 
Forefoot to Rearfoot Drop (mm)  11.7 9.1 10.9 
Rearfoot Cushioning† 23.0 91.0 71.0 
Forefoot Cushioning† 34.0 91.0 70.0 
Stiffness† 72.0 44.0 63.0 
Stability Features† 87.0 70.0 43.0 
NOTE: All of the information contained within the table is taken from Runners’ World (2015b, c & d) 
†Ranking score from 1 to 100 determined in testing conducted by Runners’ World (2015b, c & d); higher scores for 
cushioning indicate softer running shoes as determined by impact testing, higher scores for stiffness indicate stiffer 
shoes determined by calculating the amount of force required to mechanically bend the shoe to 45° and a higher score 
for stability features indicates a higher prevalence of motion control features within the shoe 
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Incisions were made within the right shoe to enable the motion of the foot within the shoe 
to be tracked directly. Four incisions of 2.5cm diameter were made in the upper of the 
running shoe in line with incision set one, based upon the findings of Chapter 3 (pg 75). 
Incisions were made in the following locations; lateral to the Achilles tendon attachment, 
above the navicular tuberosity and at the midshaft of the first and fifth metatarsal heads. 
Two pairs of each running shoe were provided in UK sizes 8 to 11. Two pairs of each 
running shoe were provided to facilitate marker placement at the navicular tuberosity. It 
was noted during testing for Chapter 4 that the navicular was in a more anterior and 
inferior position when participants presented with a pronated foot type, compared to those 
with a neutral foot type. As such, the incision to accommodate the navicular marker 
cluster was located anteriorly and inferiorly in one pair of shoes to facilitate marker 
placement in participants with a pronated foot type. Participants self-reported shoe size 
and wore the running shoes with the incision set that best facilitated the placement of the 
navicular marker cluster. 
5.2.5. Three- Dimensional Motion Capture 
 
An eight camera VICON MX motion analysis system (VICON Motion Systems Ltd., 
Oxford, England), operating at 200Hz, was used to track the position of retro-reflective 
markers attached to foot and lower limb, in line with the biomechanical models detailed 
below (Sections 5.2.5.1 and 5.2.5.2, pg’s 154 & 157). Prior to data collection the VICON 
system was calibrated following the procedure detailed in Chapter 3.2.1.3 (pg 77). This 
procedure defined the global co-ordinate system and the relative position and orientation 
in 3D space of the eight VICON cameras. CAST was used to model the foot and lower 
limb within this work. CAST uses anatomical markers to define segmental co-ordinate 
systems (SCS) and marker clusters to track the movement of body segments during 
dynamic trials. The position of the anatomical markers, and thus the SCS, can be 
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reconstructed in relation to the marker clusters after static calibration. Prior to placing 
retro-reflective markers on participants in line with the lower limb and foot models, 
participants height and mass were recorded using a Seca 213 portable stadiometer and 
Seca 761 Class IIII scales (Seca, Chino, CA, USA). All data modelling was undertaken 
in Visual 3D v5.01.6 (C Motion Inc., Leicester, England). 
 
5.2.5.1. Lower Limb Model 
 
The lower limb was modelled as four rigid segments; pelvis, thigh, shank and foot (Figure 
5.1). The lower limb model was based on the Istituto Ortopedico Rizzoli gait model (C 
Motion, 2014).  
A  B  C  
Figure 5.1. Istituto Ortopedico Rizzoli lower limb model. A) Reconstructed marker 
positions. B) Reconstructed marker positions and segmental co-ordinate system. C) 
Reconstructed marker positions, segmental co-ordinate systems and skeletal 
representation 
 
The pelvis was modelled using the CODA pelvis option within Visual 3D. The pelvis was 
defined by anatomical markers attached bilaterally at the anterior superior iliac spines 
(ASIS) and posterior superior iliac spines (PSIS). The pelvis was tracked during dynamic 
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trials using a semi rigid cluster of four markers. The semi rigid cluster was created by 
wrapping the proximal aspect of the pelvis with underwrap which was secured using 
MicroporeTM surgical tape (3M, Poland) and then attaching retro-reflective markers to 
the underwrap using double sided tape. The pelvic cluster was located on the posterior 
proximal aspect of the pelvis and was formed by the PSIS markers and two markers 
located proximally and laterally to the PSIS markers. The origin of the pelvic SCS was 
defined as the mid-point between the left and right ASIS markers. 
 
The thigh was defined proximally by the hip joint centre and distally by markers attached 
to the most medial and lateral prominence of the femoral epicondyles. The hip joint centre 
was calculated automatically by the CODA pelvis using adaptations of the Bell equation 
(Eq. 5.2) (C Motion, 2015); 
 Eq.5.2.  𝑅𝐻𝐽𝐶 = [0.36 ∗ 𝐴𝑆𝐼𝑆𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 , − 0.19 ∗ 𝐴𝑆𝐼𝑆𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 , − 0.3 ∗ 𝐴𝑆𝐼𝑆𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒] 
Where; 
RHJC = Right hip joint centre 
ASISdistance = Euclidean distance between the right and left ASIS markers 
 
The thigh segment was tracked using a semi rigid cluster of four markers during dynamic 
trials. The semi rigid marker cluster was attached to the lateral aspect of the thigh, on the 
distal third of the segment. The cluster was created by wrapping the distal aspect of the 
thigh in underwrap, secured using MicroporeTM surgical tape, and then attaching four 
non-collinear markers to the lateral aspect of the thigh, oriented so that the longest axis 
of the marker cluster was oriented along the long axis of the segment (Cappozzo et al., 
1997). The hip joint centre defined the origin of the thigh SCS. 
 
 156 
 
The shank was defined proximally by the knee joint centre and distally by markers 
attached to the most medial and lateral prominence of the malleoli. The knee joint centre 
was calculated as the mid-point between markers attached to the medial and lateral 
prominence of the femoral epicondyles. The shank was tracked using a semi rigid cluster, 
constructed in the same way as the thigh cluster, located on the distal third of the shank. 
The knee joint centre defined the origin of the shank SCS. 
 
The foot was tracked as a single rigid segment. The foot was defined at its proximal end 
by the ankle joint centre and at its distal end by markers located on the dorsal aspect of 
the second metatarsal head and the dorsolateral aspect of the fifth metatarsal head. The 
ankle joint centre was calculated as the midpoint between the medial and lateral malleoli 
markers. The foot was tracked throughout dynamic trials using a triad marker cluster 
located on the posterior-lateral aspect of the calcaneus at the height of the Achilles tendon 
attachment. The ankle joint centre defined the origin of the foot SCS. 
 
The SCS for each segment of the lower limb model were oriented as follows; X axis 
medial to lateral, Y axis posterior to anterior and Z axis distal to proximal. Based on the 
orientation of the SCS joint rotations were interpreted as such; X axis flexion (+) and 
extension (-), Y axis adduction and abduction, and Z axis internal and external rotation. 
For the foot, the X axis was interpreted as dorsi-flexion (+) and plantar-flexion (-), the Y 
axis as inversion and eversion, and Z axis adduction and abduction. Joint rotations were 
calculated using an XYZ Cardan sequence of rotations. 
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5.2.5.2. Multi-segmental Foot Model 
 
The 3DFoot model (Leardini et al., 2007) was used to model the foot as three rigid 
segments; RF, MF and FF. The 3DFoot model was used within this study instead of the 
Jenkyn and Nicol (2007) foot model, used within Chapter 4, as it provides a greater 
number of kinematic outputs (see Table 3.1, pg 79). The move towards this more 
sophisticated MSFM and the use of cluster markers to track the motion of the foot within 
the shoe was due to advancements in the modelling software available. Prior to the 
commencement of testing for this phase of work Visual 3D software was purchased, 
enhancing the modelling capabilities of the laboratory. 
 
Each segment of the MSFM was tracked throughout dynamic trials using a triad marker 
cluster. The triad marker cluster design was described in detail in Chapter 4.2.3 (pg 119). 
Briefly, the cluster consisted of a base which was attached to the foot using double sided 
tape and MicroporeTM surgical tape and the cluster which was screwed into the base. 
This design enabled the cluster bases to remain on the foot while the footwear condition 
was changed, ensuring consistent marker placement between shod conditions. 
 
The RF was defined proximally by a marker located at the insertion of the Achilles tendon 
on the calcaneus, on its lateral boarder by a marker located on the lateral apex of the 
peroneal tubercle and at its distal end by the midpoint between anatomical markers 
located on the lateral apex of the peroneal tubercle and the most medial apex of the 
sustentaculum tali. The RF was tracked by a triad marker cluster located on the posterior-
lateral aspect of the calcaneus at the height of the Achilles tendon attachment. The origin 
of the RF SCS was located at the insertion of the Achilles tendon on the calcaneus. 
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The MF was defined at its proximal end by the midpoint between markers located on the 
most medial aspect of the navicular tuberosity and the dorsomedial aspect of the fifth 
metatarsal base. The distal end of the MF was defined by a marker located on the dorsal 
aspect of the second metatarsal base and the medial boarder of the MF was defined by the 
navicular tuberosity marker. The MF was tracked during dynamic trials by a triad marker 
cluster located on the most medial aspect of the navicular tuberosity. As the triad marker 
cluster and the anatomical marker for the MF segment were located on the most medial 
aspect of the navicular tuberosity the anatomical marker was screwed on to the base of 
the marker cluster. The height of the nut (6mm) on the marker cluster base was then used 
as a medial lateral offset to project the navicular marker onto the surface of the foot. The 
origin of the MF SCS was located at the midpoint between the markers attached to the 
navicular tuberosity and the fifth metatarsal base. 
 
The FF was defined at its proximal end by a marker placed on the dorsal aspect of the 
second metatarsal base, while a marker attached to the dorsal aspect of the second 
metatarsal head defined the distal end of the FF. The medial boarder of the FF was defined 
by a marker located on the dorsomedial aspect of the first metatarsal head. The FF was 
tracked by a triad marker cluster located on the midshaft of the fifth metatarsal throughout 
dynamic trials. The origin of the FF SCS was located at the base of the second metatarsal. 
 
The SCS for each segment of the MSFM was oriented in the same manner as the lower 
limb with the X axis medial to lateral, Y axis posterior to anterior and Z axis distal to 
proximal. Based on the orientation of the SCS joint rotations were interpreted as such; X 
axis dorsi-flexion (+) and plantar-flexion (-), Y axis inversion and eversion, and Z axis 
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adduction and abduction. Joint rotations were calculated using an XYZ Cardan sequence 
of rotations. 
 
5.2.6. Protocol 
 
Prior to testing participants undertook a ten minute familiarization period on the treadmill 
within the Motion Analysis Laboratory, to reduce kinematic differences between 
overground and treadmill locomotor patterns (Riley et al., 2008; Lavcanska et al., 2005). 
After completing the familiarization period anatomical and tracking markers were 
attached to participants in line with the models outlined in sections 5.2.5.1 and 5.2.5.2 
(pg’s 154 & 157). Once participants were fully fitted with both anatomical and tracking 
markers, a five second static trial was recorded. This enabled the relevant anatomical 
reference frames to be calculated for each segment, setting the position and orientation of 
each segment in relation to the marker clusters. After the static trial was recorded, 
anatomical markers were removed. During dynamic trials participants ran at a self-
selected pace (2.9 ± 0.6m.s-1) on a Jaeger LE 300 C treadmill (Erich Jaeger GmBH & Co, 
Wuerzburg, Germany). Participants completed three minute long trials in each of the shod 
conditions (neutral, motion control and cushioned) with data collected continuously for 
the final 30 seconds of each trial. The order of testing was randomised to reduce any 
potential order effects.  
 
5.2.7. Data Processing 
 
Raw marker trajectories were reconstructed and labelled manually in VICON Nexus 1.7.1 
software (Vicon Motion Systems Ltd., Oxford, England). Gaps, of up to five frames, in 
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marker trajectories were filled using the in-built pattern fill function within VICON 
Nexus 1.7.1. The labelled marker trajectories were filtered within VICON Nexus 1.7.1 
using a 10Hz Butterworth filter. Processed trials were cropped to five consecutive gait 
cycles and exported to Visual 3D. A template of the lower limb and foot models described 
in sections 5.2.5.1 and 5.2.5.2 (pg’s 154 & 157) was created and applied in Visual 3D, 
enabling the calculation of joint rotations. Hip, knee and ankle joint motion, in all three 
planes, were calculated using the lower limb model. MF-RF, FF-RF and FF-MF motion 
patterns were calculated, in all three planes, using the MSFM. Additionally, the MLAA 
was calculated throughout the stance phase of running gait using equation 5.3. 
Eq 5.3.  MLAA = Cos-1 (
|𝑎|2+|𝑏|2−|𝑐|2
2|𝑎||𝑏|
) 
Where; 
a = Vector connecting the medial malleolus and the navicular tuberosity 
b = Vector connecting the navicular tuberosity and the first metatarsal head 
c = Vector connecting the medial malleolus and the first metatarsal head 
 
Gait cycle parameters were identified from the kinematic data following the procedure 
outlined in Chapter 4.2.4 (pg 122). Briefly, the change in vertical velocity of either the 
RF or FF marker cluster was used to identify IC and peak knee extension used to identify 
TO. Joint angles were averaged over five consecutive gait cycles for each participant and 
normalised to 100% stance phase duration. All joint angles were normalised for each 
participant to their static posture recorded barefoot in a relaxed standing position. A 
number of discrete angles were pre-selected, in line with the literature (Sinclair et al., 
2013b & c), to describe the motion pattern of each joint and extracted for statistical 
analysis. The discrete variables used to describe stance phase kinematics were angles at 
IC and TO, joint ROM, peak angles and time to peak. 
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Figure 5.2. Frontal plane ankle joint motion during the stance phase of running gait with 
graphical illustration of discrete parameters extracted for analysis. IC = Initial contact, 
ROM = Range of motion and TO = Toe off 
 
5.2.8. Data Analysis 
 
Descriptive statistics (mean (standard deviation)) were calculated within Microsoft Excel 
2013 (Microsoft, Redmond, WA, USA) for each variable of interest, in each footwear 
condition. All statistical difference testing was undertaken in SPSS 20 (IBM, Armonk, 
NY, USA). Prior to data analysis all data were explored for normal distribution, using a 
Shapiro-Wilk test. The findings of the Shapiro-Wilk test are reported in Appendix V. 
When data met parametric data assumptions, differences between shod conditions were 
explored using a one-way repeated measures analysis of variance (ANOVA). Where 
significant main effects were observed, post hoc analysis was conducted using pairwise 
comparisons with Bonferroni corrections. The sphericity assumption was checked using 
Mauchly’s test of sphericity. Where sphericity assumptions were violated the degrees of 
freedom were corrected, using Huynh-Feldt corrections if the Greenhouse-Geisser 
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estimate was above .75 and the Greenhouse-Geisser correction if below .75 (Field, 2013, 
pg 548). Where data violated parametric data assumptions, differences between shod 
conditions were explored using Friedman’s ANOVA. Where significant main effects 
were observed, pairwise comparisons were conducted post hoc. Additionally, the effect 
size was calculated for both the repeated measures ANOVA and Friedman’s ANOVA. 
The partial eta squared (η2) was used as an estimate of effect size for the repeated 
measures ANOVA and Kendall’s W (W) was used for Friedman’s ANOVA. Effect sizes 
were interpreted as follows; small effect ≥ .10, medium ≥ .30 and large ≥ .50 (Field, 2013, 
pg 82). The level of significance for this study was set at p < .05 (Rothman, 1990). 
 
5.3. Results 
 
5.3.1. Hip 
 
Figure 5.3 (pg 163) shows stance phase hip joint kinematics, in all three planes, when 
running in the three test conditions. Table 5.2 (pg 164) contains hip joint kinematic 
parameters. No significant (p > .05) differences in hip joint kinematic parameters were 
recorded between footwear conditions. 
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A  
B  
C  
Figure 5.3. Stance phase hip joint kinematics in motion control (solid grey line), neutral 
(solid black line) and cushioned (dashed black line) running shoes, averaged across all 
participants (n = 28). A; sagittal plane. B; frontal plane. C; transverse plane  
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Table 5.2. Comparison of hip joint kinematic parameters (mean (standard deviation)) in 
motion control, neutral and cushioned running shoes. p value obtained from one way 
ANOVA, † p value obtained from Friedman’s ANOVA 
 Motion 
Control 
Cushioned Neutral p  
X (+ = Flexion/ - = Extension)     
Angle at initial contact (°) 25.22 (6.58) 25.31 (6.62) 25.89 (7.01) .31 
Angle at toe off (°) -7.24 (4.75) -7.56 (5.03) -6.84 (5.22) .33 
Range of motion† (°) 33.92 (6.43) 34.26 (6.51) 34.09 (6.64) .65 
Peak flexion (°) 26.69 (6.09) 26.70 (6.07) 27.25 (6.49) .38 
Time to peak flexion† (sec) 00.24 (0.03) 00.23 (0.03) 00.23 (0.04) .14 
Y (+ = Adduction/ - = 
Abduction) 
    
Angle at initial contact† (°) 07.58 (4.53) 07.21 (4.53) 07.06 (4.79) .13 
Angle at toe off (°) 04.25 (4.33) 03.82 (4.35) 04.13 (4.32) .11 
Range of motion† (°) 07.19 (3.65) 07.16 (3.87) 07.03 (3.43) .63 
Peak adduction† (°) 11.01 (4.52) 10.60 (4.75) 10.71 (4.69) .27 
Time to peak adduction† (sec)  00.07 (0.03) 00.08 (0.04) 00.07 (0.04) .87 
Z (+ = Internal / - = External)     
Angle at initial contact (°) 03.23 (4.86) 03.22 (4.78) 03.65 (5.01) .38 
Angle at toe off (°) -2.57 (4.82) -3.21 (5.00) -2.60 (5.03) .18 
Range of motion† (°) 07.73 (3.98) 08.10 (4.44) 08.03 (3.63) .37 
Peak internal rotation (°) 04.19 (4.75) 04.14 (4.69) 04.53 (4.84) .26 
Time to peak internal rotation† 
(sec) 
00.05 (0.08) 00.05 (0.07) 00.06 (0.08) .68 
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5.3.2. Knee 
 
Figure 5.4 (pg 167) shows stance phase knee joint kinematics, in all three planes, when 
running in the three test conditions. Table 5.3 (pg 168) contains knee joint kinematic 
parameters. A significant main effect (F2, 54 = 3.31, p = .04, η2= .17) was observed for the 
magnitude of knee flexion at TO (Table 5.3). Post hoc analysis revealed that the knee was 
significantly (p = .03) more flexed at TO when running in the neutral shoe compared to 
the cushioned shoe. No significant (p > .05) differences in knee flexion at TO were 
revealed between the neutral shoe and the motion control shoe, and between the 
cushioned shoe and the motion control shoe. No other significant differences (p > .05) 
were reported at the knee in the sagittal plane (Table 5.3). 
 
In the frontal plane, Freidman’s ANOVA revealed a significant main effect (X2 2 = 8.00, 
p = .02, W = .14) for adduction ROM (Table 5.3). Pairwise comparisons revealed 
significantly (X2 2 = -2.67, p = .02) greater knee adduction ROM in the neutral shoe 
compared to the cushioned shoe. No significant differences were reported between the 
neutral and motion control shoes (X2 2 = -.54, p = 1.00) or the cushioned and motion 
control shoes (X2 2 = -2.14, p = .10). No other significant differences (p > .05) were 
reported at the knee in the frontal plane (Table 5.3). 
 
A significant main effect (X2 2 = 6.64, p = .04, W = .12) was observed for the magnitude 
of knee internal rotation at TO (Table 5.3). Pairwise comparisons revealed the knee was 
significantly (X2 2 = -2.41, p = .05) more internally rotated at TO in the motion control 
shoe compared to the cushioned shoe. No significant differences were reported between 
the neutral and motion control shoes (X2 2 = .40, p = 1.00) or the neutral and cushioned 
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shoes (X2 2 = -2.00, p = .14). No other significant differences (p > .05) were reported at 
the knee in the transverse plane (Table 5.3). 
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A  
B  
C  
Figure 5.4. Stance phase knee joint kinematics in motion control (solid grey line), neutral 
(solid black line) and cushioned (dashed black line) running shoes, averaged across all 
participants (n = 28). A; sagittal plane. B; frontal plane. C; transverse plane  
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Table 5.3. Comparison of knee joint kinematic parameters (mean (SD)) in motion control, 
neutral and cushioned running shoes. p value obtained from one way ANOVA, † p value 
obtained from Friedman’s ANOVA 
 Motion 
Control 
Neutral Cushioned p  
X (+ = Flexion/ - = Extension)     
Angle at initial contact (°) 15.08 (7.86) 16.01 (8.18) 15.39 (6.52) .34 
Angle at toe off (°) 13.74 (5.23) 14.12 (5.26) 12.98 (5.68) .04 
Range of motion (°) 24.74 (3.84) 24.03 (4.22) 24.19 (4.46) .23 
Peak flexion (°) 36.67 (6.51) 36.69 (6.69) 36.37 (6.54) .53 
Time to peak flexion† (sec) 00.09 (0.01) 00.08 (0.02) 00.09 (0.01) .32 
Y (+ = Adduction/ - = 
Abduction) 
    
Angle at initial contact† (°) -0.15 (3.45) -0.08 (3.61) -0.09 (3.14) .63 
Angle at toe off† (°) 00.26 (3.50) 00.41 (3.63) 00.53 (3.46) .31 
Range of motion† (°) 04.34 (1.94) 04.61 (2.32) 04.21 (2.03) .02 
Peak abduction† (°) -2.82 (3.15) -3.00 (3.15) -2.70 (2.93) .90 
Time to peak abduction† 
(sec) 
00.10 (0.07) 00.09 (0.06) 00.08 (0.05) .44 
Z (+ = Internal / - = External)     
Angle at initial contact (°) 04.52 (4.06) 04.54 (4.97) 04.45 (3.85) .97 
Angle at toe off† (°) 01.16 (3.86) 00.98 (3.93) 00.73 (3.60) .04 
Range of motion (°) 11.92 (4.45) 12.13 (4.29) 12.14 (4.30) .61 
Peak internal rotation (°) 12.64 (5.05) 12.52 (5.12) 12.41 (4.66) .64 
Time to peak internal 
rotation† (sec) 
00.10 (0.03) 00.10 (0.03)  (0.03) .89 
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5.3.3. Ankle 
 
Figure 5.5 (pg 171) shows stance phase ankle joint kinematics, in all three planes, when 
running in the three test conditions. Table 5.4 (pg 172) contains ankle joint kinematic 
parameters. A significant main effect (X2 2 = 9.01, p = .01, W = .16) was observed for 
ankle joint dorsi-flexion upon IC (Table 5.4). Pairwise comparisons revealed a 
significantly more dorsi-flexed ankle upon IC when running in the neutral shoe compared 
to the motion control (X2 2 = 2.67, p = .02) and cushioned shoes (X
2 
2 = 2.54, p = .03). No 
significant difference in ankle joint dorsi-flexion upon IC was revealed between the 
cushioned and motion control shoes (X2 2 = -.13, p = 1.00). A significant main effect (X
2 
2 = 7.69, p = .02, W = .14) was observed for peak ankle dorsi-flexion (Table 5.4). Pairwise 
comparisons revealed a significant (X2 2 = 2.74, p = .02) increase in peak ankle joint dorsi-
flexion when running in the neutral shoe compared to the cushioned shoe. No significant 
differences were reported between the neutral and motion control shoes (X2 2 = 1.01, p = 
.86) or the cushioned and motion control shoes (X2 2 = -1.67, p = .29).  Additionally, a 
trend towards significance (X2 2 = 5.79, p =.06, W = .10) was reported with regards to 
ankle joint plantar-flexion at TO. Comparison of the mean ankle joint plantar flexion at 
TO reveals greater ankle joint plantar-flexion in the cushioned shoe compared to the 
neutral and motion control shoes (Table 5.4). No other significant (p > .05) differences in 
sagittal plane ankle joint kinematics were revealed (Table 5.4).  
 
A significant (F2, 54 = 3.23, p = .05, η2= .11) main effect was observed for ankle joint 
inversion at TO (Table 5.4). Post hoc analysis revealed that the ankle was significantly (p 
= .04) more inverted at TO when running in the neutral shoe compared to the motion 
control shoe. No significant (p > .05) differences in ankle joint inversion at TO were 
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reported between the neutral and cushioned shoes, or the motion control and cushioned 
shoes. A significant (X2 2 = 6.64, p = .04, W = .12) main effect was observed for peak 
ankle joint eversion (Table 5.4). Peak ankle joint eversion was significantly (X2 2 = 2.41 
p = .05) greater when running in the motion control shoe compared to the cushioned shoe. 
No significant differences in peak ankle joint eversion were reported between the neutral 
and cushioned (X2 2 = .40, p = 1.00), or the neutral and motion control (X
2 
2 = 2.00, p = 
.14) running shoes. No other significant (p > .05) differences in frontal plane ankle joint 
motion were reported between footwear conditions (Table 5.4). 
 
In the transverse plane, a significant (F2, 54 = 3.70, p = .03, η2= .12) main effect was 
observed for ankle joint adduction upon IC (Table 5.4). Post hoc analysis revealed that 
the ankle joint was significantly (p = .03) more adducted upon IC when running in the 
neutral shoe compared to the motion control shoe. No significant differences in ankle 
joint adduction upon IC were reported between the neutral and cushioned shoes (p = 
1.00), or the cushioned and motion control shoes (p = .11). A significant (F2, 54 = 4.88, p 
= .01, η2= .15) main effect was observed for peak ankle joint abduction (Table 5.4). Post 
hoc analysis revealed that peak ankle joint abduction was significantly (p = .02) greater 
when running in the motion control shoe compared to the neutral shoe. Additionally, a 
trend for greater peak ankle joint abduction in the motion control shoe in comparison to 
the cushioned shoe was evident (p = .06). No significant (p = 1.00) difference in peak 
ankle joint abduction was reported between the neutral and cushioned running shoes. No 
other significant (p > .05) differences in transverse plane ankle joint motion were reported 
(Table 5.4). 
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A  
B  
C  
Figure 5.5. Stance phase ankle joint kinematics in motion control (solid grey line), neutral 
(solid black line) and cushioned (dashed black line) running shoes, averaged across all 
participants (n = 28). A; sagittal plane. B; frontal plane. C; transverse plane  
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Table 5.4. Comparison of ankle joint kinematic parameters (mean (SD)) in motion 
control, neutral and cushioned running shoes. p value obtained from one way ANOVA, † 
p value obtained from Friedman’s ANOVA 
 Motion 
Control 
Neutral Cushioned p  
X (+ = Dorsi-/ - = Plantar)     
Angle at initial contact† (°) 0-2.78 (6.20) 0-0.42 (7.44) 0-3.74 (8.90) .01 
Angle at toe off† (°) -21.62 (9.33) -20.12 (8.72) -23.32 (11.45) .06 
Range of motion (°) 037.60 (7.71) 037.89 (7.68) 038.51 (7.67) .21 
Peak dorsi-flexion† (°) 015.95 (5.63) 017.77 (7.76) 015.20 (7.95) .02 
Time to peak dorsi-flexion 
(sec) 
000.11 (0.02) 000.11 (0.02) 000.11 (0.02) .54 
Y (+ = Inversion/ - = 
Eversion) 
    
Angle at initial contact (°) 001.54 (3.80) 001.62 (4.41) 001.89 (4.77) .79 
Angle at toe off† (°) 004.46 (4.82) 005.50 (5.00) 004.76 (5.87) .05 
Range of motion (°) 012.40 (2.97) 012.86 (3.15) 012.60 (3.46) .42 
Peak eversion† (°) 0-7.73 (4.23) 0-7.22 (4.64) 0-7.47 (6.00) .04 
Time to peak eversion† 
(sec) 
000.07 (0.02) 000.08 (0.03) 000.07 (0.02) .61 
Z (+ = Adduction/ - = 
Abduction) 
    
Angle at initial contact (°) 0.27 (3.91) 1.71 (4.27) 1.70 (4.99) .03 
Angle at toe off (°) -1.00 (4.85) -0.17 (5.02) -0.13 (5.55) .13 
Range of motion (°) 7.67 (2.86) 7.59 (3.56) 7.72 (3.56) .96 
Peak abduction (°) -5.13 (3.83) -3.79 (4.46) -3.78 (4.83) .01 
Time to peak abduction† 
(sec) 
0.06 (0.05) 0.11 (0.09) 0.08 (0.08) .29 
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5.3.4. Midfoot to Rearfoot  
 
Figure 5.6 (pg 174) shows stance phase motion patterns of the MF relative to the RF, in 
all three planes, during running in the three test conditions. Table 5.5 (pg 175) contains 
MF-RF kinematic parameters. No significant (p > .05) differences in sagittal plane MF-
RF kinematic parameters were reported between footwear conditions (Table 5.5). Table 
5.5 reveals large inter-individual differences in sagittal plane MF-RF kinematics at IC, 
TO and peak dorsi-flexion in each shod condition, as highlighted by the large standard 
deviations. 
 
A significant (X2 2 = 9.07, p = .01, W = .16) main effect was observed for MF- RF eversion 
upon IC (Table 5.5). Pairwise comparisons revealed that the MF was significantly more 
everted relative to RF upon IC when running in both the cushioned (X2 2 = -2.67, p = .02) 
and neutral (X2 2 = 2.54, p = .03) shoes compared to the motion control shoe. No 
significant (X2 2 = .13, p = 1.00) difference in MF to RF eversion upon IC was revealed 
between the neutral and cushioned shoes. No other significant (p > .05) main effects were 
observed for the MF relative to the RF (Table 5.5). 
 
No significant (p > .05) differences in transverse plane MF-RF kinematic parameters were 
reported between footwear conditions (Table 5.5). Table 5.5 reveals large inter-individual 
differences in transverse plane MF-RF angles at IC and TO, in all footwear conditions. 
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A  
B  
C  
Figure 5.6. Stance phase midfoot to rearfoot kinematics in motion control (solid grey 
line), neutral (solid black line) and cushioned (dashed black line) running shoes, averaged 
across all participants (n = 28). A; sagittal plane. B; frontal plane. C; transverse plane 
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Table 5.5. Comparison of midfoot to rearfoot kinematic parameters (mean (SD)) in 
motion control, neutral and cushioned running shoes. p value obtained from one way 
ANOVA, † p value obtained from Friedman’s ANOVA 
 Motion 
Control 
Neutral Cushioned p  
X (+ = Dorsi-/ - = Plantar)     
Angle at initial contact (°) -0.86 (9.98) -1.76 (9.79) -1.38 (10.40) .83 
Angle at toe off (°) -4.73 (9.55) -6.47 (9.48) -6.14 (11.35) .47 
Range of motion† (°) 09.57 (3.82) 08.71 (4.70) 09.84 (3.99) .11 
Peak dorsi-flexion (°) 04.23 (10.07) 01.56 (9.58) 03.21 (10.63) .26 
Time to peak dorsi-
flexion† (sec) 
00.11 (0.04) 00.09 (0.05) 00.09 (0.05) .15 
Y (+ = Inversion/ - = Eversion)     
Angle at initial contact† (°) -4.60 (5.48) -6.79 (6.18) -7.81 (6.86) .01 
Angle at toe off (°) -5.37 (6.75) -7.69 (7.57) -7.55 (7.89) .13 
Range of motion† (°) 09.45 (3.90) 08.48 (4.15) 09.07 (4.01) .11 
Peak eversion (°) -10.63 (5.98) -11.76 (6.44) -13.21 (7.64) .09 
Time to peak eversion (sec) 00.14 (0.07) 00.11 (0.07) 00.13 (0.06) .11 
Z (+ = Adduction/ - = 
Abduction) 
    
Angle at initial contact (°) -1.94 (5.79) -2.68 (7.02) -1.65 (6.20) .47 
Angle at toe off (°) 02.11 (5.59) 00.95 (5.97) 01.56 (5.65) .31 
Range of motion† (°) 08.80 (4.05) 08.76 (5.42) 08.65 (5.40) .51 
Peak adduction (°) 04.11 (4.92) 04.00 (7.08) 04.58 (6.70) .83 
Time to peak adduction† 
(sec) 
00.15 (0.09) 00.13 (0.09) 00.15 (0.08) .08 
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5.3.5. Forefoot to Rearfoot  
 
Figure 5.7 (pg 177) shows stance phase motion patterns of the FF relative to the RF, in 
all three planes, during running in the three test conditions. Table 5.6 (pg 178) contains 
FF-RF kinematic parameters. A significant (F2, 54 = 4.15, p = .02, η2= .13) main effect 
was observed for FF-RF sagittal plane ROM (Table 5.6). Post hoc analysis revealed that 
the FF-RF had a significantly (p = .02) greater sagittal plane ROM when running in the 
motion control shoe compared to the neutral shoe. No significant differences in FF-RF 
sagittal plane ROM were observed between the neutral and cushioned (p = .96) shoes, 
and the cushioned and motion control (p = .29) shoes. A trend towards significance (X2 2 
= 5.77, p = .06) was reported with regards to peak FF-RF plantar-flexion (Table 5.6). 
Comparisons of the mean data reveal an increase in peak FF-RF plantar-flexion when 
running in the motion control shoe compared to the neutral and cushioned shoes (Table 
5.6). No other significant (p > .05) differences in sagittal plane FF-RF motion parameters 
were reported (Table 5.6).  
 
No significant (p > .05) main effects were reported for FF-RF kinematic parameters in 
the frontal plane (Table 5.6). Table 5.6 reveals large inter-individual differences in frontal 
plane FF-RF kinematics at IC and TO in each shod condition, as highlighted by the large 
standard deviations. 
 
No significant (p > .05) differences in transverse plane FF-RF kinematic parameters were 
reported between footwear conditions (Table 5.6). Large inter-individual differences in 
transverse plane FF-RF kinematics at IC and TO in each shod condition are evident in 
Table 5.6. 
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A  
B  
C  
Figure 5.7. Stance phase forefoot to rearfoot kinematics in motion control (solid grey 
line), neutral (solid black line) and cushioned (dashed black line) running shoes, averaged 
across all participants (n = 28). A; sagittal plane. B; frontal plane. C; transverse plane 
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Table 5.6. Comparison of forefoot to rearfoot kinematic parameters (mean (SD)) in 
motion control, neutral and cushioned running shoes. p value obtained from one way 
ANOVA, † p value obtained from Friedman’s ANOVA 
 Motion 
Control 
Neutral Cushioned p  
X (+ = Dorsi-/ - = Plantar)     
Angle at initial contact† (°) 03.91 (8.13) 02.96 (8.70) 05.41 (8.46) .22 
Angle at toe off† (°) 06.38 (10.38) 06.79 (9.70) 08.62 (10.39) .17 
Range of motion (°) 15.27 (4.42) 13.75 (4.92) 14.26 (4.29) .02 
Peak plantar-flexion† (°) -7.64 (8.06) -5.86 (7.93) -4.75 (8.72) .06 
Time to peak plantar-
flexion† (sec) 
00.11 (0.04) 00.11 (0.04) 00.11 (0.04) .83 
Y (+ = Inversion/ - = Eversion)     
Angle at initial contact (°) -3.06 (6.37) -1.85 (7.07) -2.70 (7.13) .53 
Angle at toe off (°) -0.46 (4.88) 00.28 (5.66) 00.56 (6.86) .49 
Range of motion† (°) 08.74 (3.44) 08.02 (3.56) 07.74 (3.70) .31 
Peak eversion (°) -5.60 (5.23) -5.10 (7.21) -4.93 (7.05) .83 
Time to peak eversion† 
(sec) 
00.08 (0.08) 00.07 (0.08) 00.06 (0.08) .63 
Z (+ = Adduction/ - = 
Abduction) 
    
Angle at initial contact† (°) -1.82 (7.25) -2.35 (8.00) -3.36 (6.95) .07 
Angle at toe off† (°) -0.73 (8.19) -0.92 (9.46) -1.68 (9.04) .63 
Range of motion† (°) 12.29 (6.24) 11.18 (6.26) 12.24 (6.60) .07 
Peak abduction† (°) -10.80 (6.13) -10.29 (5.76) -12.15 (5.97) .47 
Time to peak abduction 
(sec) 
00.09 (0.04) 00.09 (0.04) 00.09 (0.04) .76 
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5.3.6. Forefoot to Midfoot 
 
Figure 5.8 (pg 180) shows FF-MF motion patterns, in all three planes, throughout the 
stance phase of running in the three test conditions. Table 5.7 (pg 181) contains FF-MF 
kinematic parameters. No significant (p > .05) differences in FF-MF kinematic 
parameters were recorded between the three footwear conditions in the sagittal, frontal or 
transverse planes of motion. Large inter-individual differences in FF-MF motion patterns 
are reported in Table 5.7, especially in relation to FF-MF angles at IC and TO in the 
sagittal and frontal planes, and for peak FF-MF dorsiflexion in the sagittal plane (Table 
5.7). 
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A   
B  
C  
Figure 5.8. Stance phase forefoot to midfoot kinematics in motion control (solid grey 
line), neutral (solid black line) and cushioned (dashed black line) running shoes, averaged 
across all participants (n = 28). A; sagittal plane. B; frontal plane. C; transverse plane 
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Table 5.7. Comparison of forefoot to midfoot kinematic parameters (mean (SD)) in 
motion control, neutral and cushioned running shoes. p value obtained from one way 
ANOVA, † p value obtained from Friedman’s ANOVA 
 Motion 
Control 
Neutral Cushioned p  
X (+ = Dorsi-/ - = Plantar)     
Angle at initial contact (°) 03.35 (11.53) 02.14 (11.16) 04.56 (10.67) .44 
Angle at toe off (°) 00.90 (10.69) 00.30 (11.21) 02.26 (10.76) .49 
Range of motion (°) 09.15 (3.27) 08.75 (2.79) 08.20 (2.78) .13 
Peak plantar-flexion (°) -5.10 (11.12) -5.73 (10.34) -3.27 (10.34) .38 
Time to peak plantar-
flexion (sec) 
00.12 (0.05) 00.12 (0.04) 00.13 (0.05) .18 
Y (+ = Inversion/ - = Eversion)     
Angle at initial contact (°) -4.15 (6.56) -4.58 (9.16) -2.78 (7.19) .11 
Angle at toe off (°) 02.00 (6.88) 01.46 (9.27) 03.09 (8.91) .24 
Range of motion† (°) 09.08 (3.35) 08.41 (4.05) 08.56 (3.16) .18 
Peak eversion (°) -5.10 (6.19) -5.17 (8.87) -3.31 (6.95) .12 
Time to peak eversion (sec) 00.03 (0.04) 00.02 (0.03) 00.02 (0.05) .40 
Z (+ = Adduction/ - = 
Abduction) 
    
Angle at initial contact (°) 03.11 (7.12) 04.59 (8.75) 03.87 (6.81) .46 
Angle at toe off (°) 04.65 (6.42) 06.42 (7.64) 05.23 (6.84) .11 
Range of motion (°) 10.56 (5.46) 10.29 (5.28) 09.88 (5.72) .61 
Peak abduction (°) -4.43 (7.56) -3.11 (7.05) -3.41 (6.69) .43 
Time to peak abduction† 
(sec) 
00.09 (0.04) 00.08 (0.04) 00.09 (0.05) .64 
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5.3.7. Medial Longitudinal Arch 
 
Figure 5.9 shows stance phase MLA motion when running in the three test conditions. 
Table 5.8 (pg 183) contains ankle joint kinematic parameters. A significant (F2, 54 = 3.77, 
p = .03, η2= .12) main effect was observed for MLAA upon IC (Table 5.8). MLAA upon 
IC was higher in the motion control shoe compared to both the neutral and cushioned 
shoes. However, when post hoc analysis with Bonferroni corrections was undertaken no 
significant (p > .05) differences in MLAA upon IC between the motion control, neutral 
and cushioned shoes were evident. A significant (X2 2 = 6.29, p = .04, W = .11) main effect 
was observed for peak MLA deformation (Table 5.8). Pairwise comparisons revealed a 
significant (X2 2 = -2.47, p = .04) decrease in peak MLA deformation when running in 
motion control shoes compared to cushioned shoe. No significant differences in peak 
MLA deformation were reported between neutral and motion control (X2 2 = -.94, p = 
1.00), or neutral and cushioned shoes (X2 2 = 1.54, p = .37). No other significant (p > .05) 
differences in MLA motion were reported (Table 5.8). 
 
Figure 5.9. Stance phase medial longitudinal arch motion in motion control (solid grey 
line), neutral (solid black line) and cushioned (dashed black line) running shoes, averaged 
across all participants (n = 28). A reduction in the medial longitudinal arch angle (MLAA) 
represents a dropping of the medial longitudinal arch (pronation) and an increase in the 
angle a rising arch (supination)  
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Table 5.8. Comparison of medial longitudinal arch kinematic parameters (mean (SD)) in 
motion control, neutral and cushioned running shoes  
 Motion 
Control 
Neutral Cushioned p  
Angle at initial contact (°) 07.60 (6.20) 05.39 (7.51) 05.68 (6.47) .03 
Angle at toe off (°) 05.86 (6.99) 04.85 (7.07) 05.46 (8.09) .37 
Range of motion (°) 16.20 (3.71) 15.40 (3.95) 16.06 (4.00) .23 
Peak deformation (°) -6.99 (5.41) -7.96 (6.29) -8.46 (5.61) .04 
Time to minimum angle 
(sec) 
00.10 (0.03) 00.10 (0.03) 00.10 (0.03) .88 
 
5.3.8. Summary of Results 
 
Table 5.9 summaries the findings in hip, knee and ankle joint kinematics between 
footwear conditions. Table 5.10 (pg 185) summaries the findings in relation to inter-
segmental foot kinematics between the three footwear conditions. 
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Table 5.9. Summary of key findings for the comparison of hip, knee and ankle joint 
kinematic parameters when running in motion control, neutral and cushioned shoes 
 Parameter(s) Summary 
Hip All  No significant (p > .05) differences between 
footwear conditions 
Knee Flexion at TO  Significant (p = .03) ↑ neutral compared to 
cushioned shoe 
 No significant (p > .05) differences between other 
footwear conditions 
Adduction ROM  Significant (p = .02) ↑ neutral compared to 
cushioned shoe 
 No significant (p > .05) differences between other 
footwear conditions 
Internal rotation 
at TO 
 Significant (p = .05) ↑ motion control compared to 
cushioned shoe 
 No significant (p > .05) differences between other 
footwear conditions 
Ankle Dorsi-flexion 
upon IC 
 Significant (p = .02) ↑ neutral compared to motion 
control shoe 
 Significant (p = .03) ↑ neutral compared to 
cushioned shoe 
 No significant (p > .05) difference between motion 
control and neutral shoes 
Peak dorsi-flexion  Significant (p = .02) ↑ neutral compared to 
cushioned shoe 
 No significant (p > .05) differences between 
footwear conditions 
Plantar-flexion at 
TO 
 Trend (p = .06) ↑ cushioned compared to neutral and 
motion control shoes 
Inversion at TO  Significant (p = .04) ↑ neutral compared to motion 
control shoe 
 No significant (p > .05) differences between 
footwear conditions 
Peak eversion  Significant (p = .05) ↑ motion control compared to 
cushioned shoe 
 No significant (p > .05) differences between 
footwear conditions 
Adduction at IC  Significant (p = .03) ↑ neutral compared to motion 
control shoe 
 No significant (p > .05) differences between 
footwear conditions 
Peak abduction  Significant (p = .02) ↑ motion control compared to 
neutral shoe 
 Trend (p  = .06) ↑ motion control compared to 
cushioned shoe 
 No significant (p > .05) difference between neutral 
and cushioned shoe 
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Table 5.10. Summary of key findings for the comparison of inter-segmental foot 
kinematic parameters when running in motion control, neutral and cushioned shoes 
 Parameter(s) Summary 
MF to RF Eversion upon 
IC 
 Significant (p = .02) ↑ in cushioned compared to 
motion control shoe 
 Significant (p = .03) ↑ in neutral compared to 
motion control shoe 
 No significant (p = 1.00) difference between neutral 
and cushioned shoes 
FF to RF Flexion ROM  Significant (p = .02) ↑ in motion control compared 
to neutral shoe 
 No significant (p > .05) difference between other 
footwear conditions 
Peak dorsi-
flexion 
 Trend (p = .06) for ↑ in motion control compared to 
neutral and neutral shoes 
FF to MF All  No significant (p > .05) differences between 
footwear conditions 
MLA MLAA at IC  Significant (p = .03) difference between footwear 
conditions 
o No significant (p  > .05 ) difference in post 
hoc analysis with Bonferroni corrections 
o ↑ in motion control compared to neutral and 
cushioned shoes 
Peak MLA 
deformation 
 Significant (p = .04) ↑ in neutral compared to 
motion control shoe 
 No significant (p > .05) difference between other 
footwear conditions 
 
5.4. Discussion 
 
The aim of this phase of work was to determine the influence of motion control, neutral 
and cushioned running shoes on the motion of the foot and lower limb. As such this study 
provides novel information with regards to how different types of running shoe influence 
foot and lower limb kinematics, during the stance phase of running gait. Three hypotheses 
were tested within this study; 
H1: Lower limb and inter-segmental foot kinematics will differ significantly 
between motion control, neutral and cushioned running shoes 
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H2: Motion control and cushioned running shoes will alter peak ankle eversion 
and ROM compared to the neutral running shoe 
H3: Motion control and cushioned running shoes will alter peak MLA 
deformation and ROM compared to the neutral running shoe 
The findings support H1 with significant differences reported in both lower limb and 
inter-segmental foot kinematics between footwear conditions (Tables 5.9 & 5.10, pg’s 
184 & 185). H2 and H3 are partially supported by the findings of this study, with motion 
control and cushioned running shoes significantly influencing both peak ankle eversion 
and MLA deformation (Tables 5.4 & 5.8, pg’s 172 & 183). The aspects of H2 and H3 
related to changes in ankle eversion and MLA ROM are rejected by the experimental 
data, with no significant differences in ROM reported between footwear conditions 
(Tables 5.4 & 5.8). The findings for each joint are discussed in detail throughout the 
remainder of this chapter. 
 
5.4.1. Hip 
 
Hip joint kinematics reported within this study (Table 5.2, pg 164; Figure 5.3, pg 163) 
are consistent with those of Sinclair et al., (2013d), when compared visually. Quantitative 
comparisons of hip joint kinematic parameters between this study and the work of Sinclair 
et al., (2013d), revealed that only hip flexion at IC and peak flexion differed by more than 
5°. The discrepancies in these parameters are liable to be explained by differences in 
running velocity between studies. All participants ran at 4.0m.s-1 within the study 
conducted by Sinclair et al., (2013d). In contrast, mean running velocity within the current 
study was slower at 2.9m.s-1. De Wit et al., (2000) reported that as running velocity 
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increases the horizontal displacement between the heel and the hip joint centre increases 
upon IC, which would be indicative of increased hip flexion upon IC.  
 
The present study revealed no significant differences in hip joint kinematics, in all three 
planes, between the three shod conditions (Table 5.2, pg 164). This finding is in contrast 
to previous work (Sinclair et al., 2013b & c; TenBroek et al., 2012) comparing sagittal 
plane hip joint kinematics in shoes of different midsole thickness. TenBroek and co-
workers (2012) reported that hip joint flexion upon IC was significantly reduced when 
running in shoes with thin midsoles (18.7° ± 3.1°) compared to shoes with medium (19.3° 
± 3.1°) and thick  (19.8° ± 3.1°) midsoles. A finding that is supported by Sinclair et al., 
(2013b & c), who reported significant differences in hip flexion upon IC, peak flexion 
and ROM between barefoot, minimalistic running shoe and conventional running shoe 
conditions. The contradictory findings of this study and those of Sinclair et al., (2013b & 
c) and TenBroek et al., (2012) suggests that midsole thickness is a key parameter in 
altering hip joint kinematics throughout the stance phase of running gait. The lack of 
significant findings in hip joint kinematics, reported within this study, therefore suggests 
that different types of conventional running shoes that are more closely matched in terms 
of midsole thickness, have little impact upon running patterns at this level of the kinematic 
chain. 
 
5.4.2. Knee 
 
The kinematic patterns reported within this work at the knee (Table 5.3, pg 168; Figure 
5.4, pg 167) are visually similar to those reported previously within the literature (Sinclair 
et al., 2013b, c & d). Further comparisons between the knee joint kinematic parameters 
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reported within this study and the literature (Sinclair et al., 2013b, c & d) revealed no 
differences of more than 5°. 
  
Surprisingly, little work to date has compared sagittal or frontal plane knee joint 
kinematic parameters between motion control, neutral and cushioned running shoes. 
Instead previous studies (Hutchison et al., 2014; Lilley et al., 2012; Rose et al., 2011) 
have focused on transverse plane rotations, specifically, knee internal rotation ROM and 
peak angle. No significant differences were reported between footwear conditions in 
relation to peak knee internal rotation within this study (Table 5.3, pg 168). This finding 
is supported by the work of Lilley et al., (2012), who reported no significant differences 
in peak knee internal rotations between the neutral (7.4° ± 1.3°) and motion control (6.5° 
± 0.9°) shoes, in participants of a similar age (18-25 years old). The findings of these 
studies therefore suggest that different types of running shoes have no significant impact 
upon peak internal knee rotation. This conclusion is challenged though by the findings of 
Hutchison et al., (2014), who reported a significant reduction in peak internal knee 
rotation when running in motion control shoes (18.6° ± 6.1°) compared to neutral shoes 
(21.9° ± 5.3°).  
 
No significant differences were reported in transverse plane knee joint ROM between the 
three footwear conditions within the present study (Table 5.3, pg 168). This finding is in 
agreement with that of Hutchison et al., (2014), who reported no significant difference in 
knee rotation ROM between neutral (24.5° ± 6.1°) and motion control (26.4° ± 6.5°) shoes. 
In contrast, Rose et al., (2011) reported a significant reduction in transverse plane tibial 
rotation ROM when running in motion control shoes (10.9° ± 5.3°) compared to neutral 
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shoes (12.3° ± 6.4°). Methodological differences, in relation to the brand of running shoe11 
used and the assessment of knee rotations, may help to explain the disparity between the 
studies. The current study and Hutchison et al., (2014) assessed the rotation of the knee 
joint, while Rose et al., (2011) report the motion of the tibia relative to the laboratory. 
The differences reported between these studies therefore suggest that calculating tibial 
rotations relative to the laboratory frame of reference does not accurately reflect knee 
joint rotations. Given that tibial rotations are commonly assessed within footwear 
research, with a view to estimating knee rotations, the disparity in findings between the 
two assessment methods has potentially profound implications. For this reason the author 
believes that future research determining the relationship between tibial rotations 
calculated within the laboratory frame of reference and knee joint rotations is warranted.    
 
The lack of agreement between the few studies, including this one, that have explored the 
influence of motion control, neutral and cushioned running shoes upon peak internal knee 
rotation and rotation ROM suggests that further work is required. Future work in this area 
may have potential benefits as internal knee rotation has been linked to the development 
of running injuries such as anterior knee pain (Hadley et al., 1999). In addition, to 
exploring group differences, studies should also assess the influence of each type of shoe 
on an individual level, given the large inter-individual responses demonstrated in the data 
set of Rose et al., (2011). This type of assessment would help to identify participants who 
respond and those who do not respond to certain footwear interventions, from which 
functional means of classifying runners could be developed. This type of analysis was not 
undertaken within the current work due to time constraints. 
                                                          
11 Both this study and that of Hutchison et al., (2014) assessed ASICS running shoes while Rose et al., 
(2011) used Mizuno running shoes 
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The current study explored the influence of motion control, neutral and cushioned running 
shoes on a wider range of parameters, in all three anatomical planes, than commonly 
explore within footwear research. Remaining in the transverse plane, a significant 
increase in internal knee rotation at TO was reported when running in the motion control 
shoe compared to the cushioned shoe (Table 5.3, pg 168).  Although both the magnitude 
(0.43°) and effect size (W = .12) of the change in knee internal rotation at TO were small, 
this finding demonstrates that footwear influences transverse plane knee rotations at a 
later stage of the stance phase. Visual inspection of Figure 5.4C (pg 167) further 
highlights the differences between footwear conditions throughout the propulsive phase 
of stance. The findings of Hutchison et al., (2014) further demonstrate the influence of 
different types of running shoes on knee rotations throughout the propulsive phase of 
stance. These authors reported a significant reduction in knee rotation ROM throughout 
the propulsive phase of stance in stability shoes compared to neutral shoes (stability shoe 
= 26.0° ± 6.9°; neutral shoe = 24.1° ± 6.7°). The significant differences and visible 
deviations in knee internal rotations through the mid to late stages of the stance phase 
demonstrate the influence of running shoes upon parameters not commonly explored 
within footwear research. As such analytical tools that enable the comparison of the entire 
kinematic waveform, such as principal component analysis, have the potential to shed 
further light upon the differences between footwear conditions, without the need to 
preselect parameters for analysis. 
 
In the sagittal plane, the knee was significantly more extend at TO when running in the 
cushioned shoe compared to the neutral shoe. This significant increase in knee extension 
at TO when running in the cushioned shoe is liable to facilitate the increased plantar-
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flexion reported at the ankle at TO (Table 5.4, pg 172). The increases in both knee 
extension and ankle plantar-flexion at TO, in the cushioned shoe, are accompanied by a 
small and non-significant increase in hip extension at the same time point (Table 5.2, pg 
164). These changes in sagittal plane lower limb kinematics at TO demonstrate a more 
extended lower limb. This orientation of the body at TO when running in the cushioned 
running shoe is likely to alter the centre of mass’s vertical location relative to the base of 
support. Changes in the trajectory of the body’s centre of mass have been shown to 
influence running economy and energetics (Gullstrand et al., 2009; Heise & Martin, 2001; 
Williams & Cavanagh, 1987).  As such the changes in the orientation of the lower limb 
reported within this study suggest that the different types of running shoes are liable to 
influence running energetics and efficiency. However, the conclusion regarding the 
impact of different types of running shoe upon economy and/or energetics based upon the 
kinematic adaptations reported within this work require further exploration. 
 
A significant difference in frontal plane knee joint ROM was reported within the present 
study, with knee adduction ROM significantly greater when running in the neutral shoe 
compared to the cushioned shoe (Table 5.3, pg 168). While the difference in frontal plane 
knee ROM reported within this study was small in terms of both effect size (W = .12) and 
magnitude (0.40°), it demonstrates the impact of different types of running shoe upon 
frontal plane knee joint kinematics. If the reduced ROM also equates to a reduction in the 
distance between the knee joint centre and the ground reaction force vector (lever arm) in 
the frontal plane, this would result in a reduction in knee moment (Figure 5.10). As such 
this finding may have potential benefits with regards to injury prevention and/or the 
management of pathological conditions (Myer et al., 2014; Miyazaki et al., 2002). 
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Figure 5.10. External knee adductor moment acting about the right knee joint. GRF = 
ground reaction force vector, LA = lever arm. (adapted from Apostherapy, 2015) 
 
Assessment of joint kinematics on an individual level reveals that participants presented 
with both abducted-adducted and adducted-abducted motion patterns. These differences 
in movement patterns between participants highlights the importance of individual 
assessments prior to recommending footwear interventions, as alterations in knee joint 
orientation would influence the frontal plant knee joint moment. The influence of 
different knee alignments upon frontal plane knee joint moments is depicted in Figure 
5.11. For participants displaying the abduction-adduction motion patterns the reduced 
frontal plane knee joint ROM when running in the cushioned running shoe, if it results in 
a reduction in knee adductor moments, may help to reduce the risk of knee osteoarthritis 
(Miyazaki et al., 2002). While the same reduction in frontal plane knee ROM may be 
beneficial for runners who display adduction-abduction movement patterns through the 
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reduction of knee abduction moments. High knee abduction moments have previously 
been associated with common running related injuries such as patellofemoral pain (Myer 
et al., 2014; Stefanyshyn et al., 2003). Thus, cushioned running shoes may be beneficial 
for runners who display higher knee adductor or abductor moments. However, it must be 
noted that the current study was unable to explore the influence of the different footwear 
conditions on kinetic variables, as such the suggestions made above are purely 
speculative. Thus future research should look to further explore the influence of the 
footwear conditions used within the present study upon lower limb kinetics. 
 
Figure 5.11. The influence of adducted, neutral and abducted knee alignments on the lever 
arm (LA) and the direction and magnitude of the frontal plane knee moment (curved 
arrow, larger arrows indicate larger moments). 
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5.4.3. Ankle 
 
Ankle joint motion patterns reported within the present study (Table 5.4, pg 172; Figure 
5.5, pg 171) are consistent with those reported within the literature (Sinclair et al., 2013b, 
c & d), in the sagittal and frontal planes when compared visually. A quantitative 
comparison of the motion patterns, reveals that the ankle joint is more plantar-flexed upon 
IC within this study, by between 1.18° and 12.26°, in comparison to the values reported 
by Sinclair et al., (2013b, c & d). The discrepancies in sagittal plane ankle joint orientation 
upon IC between studies is likely due to differences in marker placement. Sinclair et al., 
(2013b, c & d) used markers attached to the shoe to track the foot, while the present study 
used a skin mounted marker cluster. The differences in sagittal plane ankle joint plantar-
flexion at IC are therefore likely the results of the FF-RF height differential of 
conventional running shoes, which would be liable to put the foot in a plantar-flexed 
position within the shoe, being detected by skin but not shoe based markers. 
 
The motion patterns reported in the transverse plane are different between the present 
study and the work of Sinclair et al., (2013b, c & d), who used a comparable lower limb 
model. The cause of the differences in transverse plane ankle joint kinematics between 
the current study and those reported by Sinclair et al., (2013b, c &d) is unknown. 
However it may be a result of the use of a cluster marker to track foot motion within the 
present study. The use of a single triad marker cluster located on the RF (Section 5.2.5.1, 
pg 154), may have reduced the magnitude of transverse plane ankle joint rotations in 
comparison to those reported by Sinclair et al., (2013b, c &d).  
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The literature (Lilley et al., 2013; Cheung & Ng, 2007; Butler et al., 2007; Stefanyshyn 
et al., 2003) exploring the influence of neutral and motion control running shoes has 
focused on the comparison of peak RF eversion. While RF eversion was not measured 
directly within the current study, the frontal plane ankle joint motion patterns provide an 
indication as to the motion of the RF as the foot was viewed as a single rigid segment. 
The findings of this study revealed a significant increase in peak ankle joint eversion of 
0.26° when running in the motion control shoe compared to the cushioned shoe (Table 
5.4, pg 172). While this finding partially supports H2, due to the significant differences 
between footwear conditions, the finding is in contrast to both what would be expected 
theoretically based upon the design aims of each shoe and also the previous literature 
(Lilley et al., 2013; Cheung & Ng, 2007; Stefanyshyn et al., 2003). 
 
The previous literature (Lilley et al., 2013; Cheung & Ng, 2007; Stefanyshyn et al., 2003) 
has revealed significant reductions, of between 0.9° and 6.5°, in peak RF eversion when 
running in motion control shoes compared to neutral shoes. The disparity between the 
findings of the current study and the literature (Lilley et al., 2013; Cheung & Ng, 2007; 
Stefanyshyn et al., 2003) may be explained by the different methodological approaches 
of the studies. In the present study incisions were made within the running shoe to enable 
the motion of the foot to be tracked directly. Whereas, Lilley et al., (2013), Cheung and 
Ng (2007), and Stefanyshyn et al., (2003) used shoe based markers to estimate the 
movement of the foot. The differences between the present study and the cited studies 
further demonstrates that the movement of the foot within the shoe differs to the motion 
of the shoe (discussed in Chapter 2.6.1, pg 58). The findings of the studies (Lilley et al., 
2013; Cheung & Ng, 2007; Stefanyshyn et al., 2003) using shoe based markers reveal 
that peak shoe eversion is lower in motion control shoes compared to neutral shoes, 
potentially due to the more rigid heel counter on the motion control shoe. However, the 
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findings of this study suggest the reduction in peak shoe eversion is not replicated by the 
motion of the foot within the shoe. Furthermore, the disparity in studies using shoe and 
skin mounted markers highlights that the selection of skin or shoe based markers should 
be a key consideration for studies within footwear biomechanics.  
 
The significant differences reported within this study in relation to peak ankle joint 
eversion demonstrates the efficacy of different types of running shoes to influence peak 
ankle joint eversion. As such, the findings partially support the fourth assumption within 
the running shoe recommendation model (Griffiths, 2012), that running shoes can control 
the rate and/or magnitude of RF eversion. However, the significant reduction in ankle 
joint eversion when running in the cushioned shoe compared to the motion control shoe 
does suggest that this shoe maybe more appropriate for runners at risk of injury due to 
excessive pronation (eversion) (Williams III et al., 2001a, b; Hamill et al., 1989). This 
therefore challenges the current practice of recommending motion control running shoes 
to runners with a pronated type with a view to reducing foot pronation (ASICS, 2014; 
Davis, 2014;  Brooks, 2013; Nike, 2013; Saucony, 2013; Butler et al, 2007; Asplund & 
Brown, 2005; Prichard, 2001), which is commonly estimated using ankle or RF eversion 
(Clarke et al., 1984). It must be noted though that both the effect size (W = .12) and 
magnitude of change (0.26°) in peak ankle joint eversion between footwear conditions 
are small. Future work is therefore required to determine the influence of these subtle but 
significant changes in peak ankle joint eversion upon ankle joint kinetics and also running 
injury risk. 
 
Significant differences were reported between footwear conditions in relation to ankle 
joint orientation at TO (Table 5.4, pg 172). When running in the neutral shoe the ankle 
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joint was significantly more inverted at TO compared to the motion control shoe. Again 
while the change in frontal plane ankle joint orientation at TO is significant the effect size 
(η2= .11) and magnitude (1.04°) of the change are small. The impact of such subtle 
changes in ankle joint inversion at TO is unknown at the present time. However, the 
significant increase in ankle inversion TO in the neutral shoe may have potential benefits 
for runners with a pronated foot type, as the excessive pronation associated with this foot 
type has been proposed to reduce the propulsive efficiency of the foot (Williams III et al., 
2001a, b; Novacheck, 1998). Increased inversion at TO would indicate a more supinated 
foot position. Increased supination throughout the propulsive phase of stance would 
reduce the compliancy of the foot, increasing the resistance to the vertical ground reaction 
force (Blackwood et al., 2005), enabling the foot to act more effectively as a rigid lever, 
aiding in propulsion (Jenkyn et al., 2009; James et al., 1978). Furthermore, the inversed 
inversion and liable increase in the ability of the foot to act effectively as a rigid lever 
may have performance benefits by increasing propulsive forces (Arndt et al., 2013).  
 
Significant differences in sagittal plane ankle joint motion patterns were reported between 
footwear conditions within the current study (Table 5.4, pg172). Running in the neutral 
shoe was associated with a significant increase in ankle joint dorsi-flexion upon IC 
compared to both the cushioned and motion control running shoes. Additionally, peak 
ankle joint dorsi-flexion was significantly greater in the neutral shoe compared to the 
cushioned shoe. These findings are likely due to the differences in RF to FF drop between 
the three footwear conditions (Table 5.1, pg152). With the increased RF to FF drop of the 
motion control and cushioned running shoes, compared to the neutral shoe, placing the 
foot in a more plantar flexed position within the shoe. The notion that the increased RF 
to FF drop in the motion control and cushioned shoes explains the differences in peak 
ankle joint dorsi-flexion and ankle joint dorsi-flexion upon IC is supported by the work 
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of Dixon and Kerwin (1999). Dixon and Kerwin (1999) reported that ankle joint dorsi-
flexion upon IC and peak dorsi-flexion are significantly reduced as heel lift height 
increased. 
 
Finally, this study also compared transverse plane ankle joint rotations between different 
footwear conditions. Ankle abduction upon IC and peak abduction were significantly 
greater when running in the motion control shoe compared to the neutral shoe (Table 5.4, 
pg 172). Additionally, a trend was evident for increased peak ankle joint abduction in the 
motion control shoe compared to the cushioned shoe (Table 5.4).  The effect sizes (η2= 
.12 and .15) and magnitude of change (1.44° and 1.35°) are small in each case. Visual 
assessment of Figure 5.5C (pg 171) reveals that the  foot is in a more abducted position 
throughout the entire stance phase when running in the motion control shoe compared to 
the neutral and cushioned shoes. Closer inspection of the motion patterns reveals that the 
difference between the three footwear conditions reduces as the stance phase progresses. 
As such it is speculated that differences in the construction of the RF and MF sections of 
the shoe are liable to account for differences in transverse plane ankle joint motion 
between footwear conditions. While future work is required to elucidate the exact 
mechanisms for the reductions in ankle joint abduction when running in the neutral and 
cushioned shoes compared to the motion control shoe, the findings further demonstrate 
the ability of different types of footwear to reduce aspects of foot motion. This finding 
may have potential implications with regards to injury prevention, as excessive transverse 
plane foot rotations have been associated with the development of various pathologies 
such as tibial stress syndrome and anterior knee pain (McClay & Manal, 1997). As such 
neutral or cushioned shoes maybe more appropriate for runners displaying increased 
amounts of foot abduction in comparison to the motion control shoe. 
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5.4.4. Inter-segmental Foot Motion 
 
The inter-segmental foot motion patterns reported within this study (Tables 5.5-7, pg’s 
175, 178 & 181; Figures 5.6-8, pg’s 174, 177 & 180) are consistent with those previously 
reported using the 3Dfoot model during running (Sinclair et al., 2014a & b), when 
compared visually. However, FF-MF sagittal plane ROM is reduced by ~ 15° and FF-RF 
transverse plane ROM is greater by ~ 7° within the current study. The differences in 
sagittal and transverse plane ROM when comparing FF-MF and FF-RF motion patterns, 
respectively, may be due to the use of triad marker clusters within the present study and 
point markers in the studies of Sinclair et al., (2014a & b). Marker clusters were used 
within this study to reduce the number of incisions required within the running shoes 
upper to enable the motion of the foot within the shoe to be tracked directly. Based upon 
these differences, future work should look to establish the differences in inter-segmental 
foot kinematics calculated using cluster markers and point markers. However, as the 
majority of motion patterns reported between the present study and Sinclair et al., (2014a 
& b) are both visually and quantitatively similar, it is suggested that the approach used 
within this work to track the motion of the foot within the shoe was successful. As such 
the author believes that the findings of the current study demonstrates the feasibility of 
modelling the motion of multiple segments of the foot within the shoe. This in itself is 
important as future research can utilise the methodological approach developed within 
this thesis to apply a MSFM to the assessment of the foot within the shoe, thus 
overcoming the limitations of shoe based markers (discussed in detail in Chapter 2.6.1, 
pg 58).  
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The comparison of inter-segmental foot motion within this study provides new insight 
into the influence of different types of running shoe upon foot motion, throughout the 
stance phase of running. The findings of the present study demonstrate that different types 
of running shoe tested impact inter-segmental foot kinematics during the stance phase of 
running, thus supporting H1. The significant findings reported between footwear 
conditions within this work in relation to inter-segmental foot kinematics, highlights the 
need for future work within this area. Work of this nature would have both clinical and 
sporting implications (Arndt et al., 2013). Clinically, altering inter-segmental foot 
motion, whether this be controlling excessive movement or increasing insufficient 
movement, may help to reduce the risk of injury (Arndt et al., 2013; Williams III et al., 
2001a, b; McClay, 2001; Novacheck, 1998). In a sporting setting, the findings of studies 
such as this one that shed further light upon the influence of footwear on intersegmental 
foot kinematics may be beneficial for athletes looking for external means of enhancing 
performance. Shoes that increase the stiffness of the foot would provide a more rigid lever 
for propulsion potentially enhancing performance in athletic movements such as running 
and jumping (Arndt et al., 2013). 
 
The findings of this study revealed that MF-RF eversion upon IC was significantly 
reduced when running in the motion control shoe compared to both the neutral and 
cushioned shoes (Table 5.5, pg 175). Although no other significant differences in frontal 
plane MF-RF kinematic parameters were reported, visual assessment of Figure 5.6B (pg 
174) reveals increased MF-RF eversion when running in the neutral and cushioned shoes 
compared to the motion control shoe. These findings therefore support the use of motion 
control shoes to reduce MF-RF eversion. This reduction in MF-RF eversion in motion 
control shoe may be due to the increased medial posting incorporated in the MF region 
of this shoe and torsion control systems. Support for this suggestion is provided by studies 
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(Milani et al., 1995; Perry & Lafortune, 1995) exploring the influence of medial and 
lateral wedges upon RF kinematics. These studies revealed that increased medial posting 
resulted in significantly reduced RF eversion. Reducing MF-RF eversion may be 
beneficial given the link between excessive foot pronation and running related injuries 
(Chang et al., 2014; Pohl et al., 2008; Willems et al., 2006). Furthermore, a recent study 
(Chang et al., 2014) exploring the relationship between intersegmental foot kinematics 
and plantar fasciitis, reported that individuals with plantar fasciitis demonstrated 
significantly greater MF-RF eversion during running. As such motion control running 
shoes, such as those tested within the current study, that reduce MF-RF eversion may help 
reduce runner’s risk of developing plantar fasciitis.   
 
The only other significant finding reported in relation to inter-segmental foot motion, 
between footwear conditions, was in the sagittal plane at the FF-RF (Table 5.6, pg 178). 
FF-RF sagittal plane ROM was significantly greater when running in the motion control 
shoe compared to the neutral shoe. In addition, to the significant increase in FF-RF 
sagittal plane ROM, a trend for increased peak FF-RF plantar-flexion was evident when 
running in the motion control shoe compared to the neutral and cushioned shoes (Table 
5.6). These findings demonstrate an increase in the flattening of the FF segment of the 
foot relative to the RF when running in the motion control shoe compared to the neutral 
and cushioned shoes shoe. The increase in sagittal plane FF-RF flattening may account 
for the small but insignificant increases in MLA ROM when running in the motion control 
shoe compared to the neutral shoe (Table 5.8, pg 183). The differences in FF-RF sagittal 
plane ROM and peak FF-RF plantar-flexion may be a result of the stiffer and harder soles 
of the motion control running shoe (Table 5.1, pg 152). Dixon et al., (2000) revealed 
differences in sagittal plane lower limb kinematics when running on surfaces which 
different cushioning properties, while Gruber et al., (2014) revealed that the kinematic 
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alterations associated with FF strike running patterns influence force attenuation 
mechanisms. As such the sagittal plane alterations in FF-RF motion patterns reported 
within the current work may demonstrate altered force attenuation mechanisms at the foot 
when running in the stiffer and harder soled motion control running shoe. 
 
It should be noted that the explanations provided throughout this section, to explain the 
changes in inter-segmental foot motion between footwear conditions, are speculative and 
therefore require future exploration. Future studies could incorporate a barefoot condition 
to determine how different types of running shoe influence the natural motion of the foot. 
The assessment of inter-segmental foot kinetics between the three test shoes may also 
help to determine how the kinematic alterations reported influence inter-segmental foot 
loading. Additionally, there is currently a paucity of information regarding the minimal 
clinical meaningful different when evaluating intersegmental foot kinematics (Chang et 
al., 2014). Further work is therefore required to determine clinically meaningful 
differences in relation to intrinsic foot motion. However, the small differences reported 
between footwear conditions within the current study are statistically significant and of a 
similar magnitude (1°) that Chang et al., (2014) proposed may be clinically meaningful.  
 
Finally, visual assessment of the motion curves reveals larger deviations in kinematic 
motion patterns when comparing inter-segmental foot motion between footwear 
conditions than those visible at the lower limb. However, only two significant differences 
were identified within the present study. The large inter-individual differences in inter-
segmental foot kinematics, highlighted by the standard deviation, relative to the 
differences between conditions is liable to have reduced the statistical power of the 
current study. Previous studies (Sinclair et al., 2014a & b; Shultz et al., 2011; Arndt et 
al., 2007) have also reported larger inter-individual variation when assessing 
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intersegmental foot kinematics. A post hoc sample size calculation, using the difference 
in MF-RF peak eversion between motion control and cushioned shoes (Table 5.5, pg 175), 
supports this argument with a sample size of 138 participants required to achieve 
sufficient statistical power. As such future studies assessing inter-segmental foot 
kinematics between footwear conditions should consider using either large sample sizes 
or more sophisticated statistical tools capable of accounting for inter-individual 
differences or assessing the entire kinematic waveform. 
 
5.4.5. Medial Longitudinal Arch 
 
The kinematic patterns reported within this work (Table 5.8, pg 183; Figure 5.9, pg 182) 
for the MLA are consistent with the previous literature (Shultz, 2009) exploring MLA 
motion during running gait, when compared visually. No quantitative comparisons of 
MLA motion throughout the stance phase of running gait were undertaken due to 
differences in the calculation of MLA motion.  
 
The MLA data partially supports H3, with peak MLA deformation significantly reduced 
in the motion control shoe and increased in the cushioned shoe (Table 5.8, pg 183). This 
finding demonstrates that motion control shoes are effective at reducing foot pronation in 
comparison to neutral shoes, when pronation is quantified using the MLAA.  Visual 
assessment of Figure 5.9 (pg 182) reveals that the MLAA is higher in the motion control 
running shoe compared to both the neutral and cushioned shoes, especially between IC 
and ~70% of stance. This evidence further supports the efficacy of motion control running 
shoes to reduce pronation. Additionally, a significant main effect was observed for the 
MLAA upon IC, however Bonferroni corrected post hoc analysis revealed no significant 
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differences between footwear conditions. This may be due to the conservative nature of 
the Bonferroni correction (Field, 2013, pg 459). Assessment of the mean data reveals an 
increase in MLAA upon IC in the motion control shoe compared to the neutral and 
cushioned shoes (Table 5.8). The findings of this aspect of the study are therefore in 
agreement with those that would be expected based upon the design aims and features of 
the test shoes (Davis, 2014; Butler et al, 2007; Asplund & Brown, 2005; Prichard, 2001) 
(discussed in Chapter 2.6, pg 52). 
 
The findings of this aspect of the study may have potentially important implications in 
relation to injury prevention. Excessive pronation has been linked to the development of 
overuse running injuries (Williams III et al., 2001a, b; Hamill et al., 1989). Reducing the 
magnitude of foot pronation may therefore help to reduce injury risk. As such the 
recommendation of motion control shoes to runners who exhibit greater foot pronation, 
in line with the current running shoe recommendation model, may help to reduce injury 
risk (Davis, 2014; Butler et al, 2007; Asplund & Brown, 2005; Prichard, 2001). 
Additionally, the reduction in MLAA when running in the cushioned shoe suggests that 
the foot is in a more pronated position when running in this shoe, compared to the neutral 
and motion control shoes (Table 5.8, pg 183). This further supports the current running 
shoe recommendation model, which suggests runners with a supinated foot type, who it 
has been suggested have an increased injury risk due to reduced force dissipation 
pathways (Sneyers et al., 1995), should wear cushioned running shoes (Davis, 2014; 
Butler et al, 2007; Asplund & Brown, 2005; Prichard, 2001). The increased pronation 
(MLA deformation) when running in the cushioned shoe may increase force attenuation, 
as pronation has been suggested to be a means of attenuating the impact forces acting 
upon the body (Novacheck, 1998). 
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A number of factors related to the design of each type of running shoe, tested within this 
study, may help to explain the increased MLAA in the motion control running shoe and 
the decreased MLAA in the cushioned running shoe. The increased medial posting built 
into the motion control running shoe in comparison to the neutral and cushioned shoes 
may be one factor responsible for increasing MLAAs when running in the motion control 
shoe. Additionally, the increased medial positing within the motion control shoe was 
proposed as the reason for the reduced MF-RF eversion displayed when running in this 
shoe (see section 5.4.4, pg 199). The increased eversion of the MF-RF when running in 
the cushioned shoe compared to the neutral shoe (Figure 5.6, pg 180) may also help to 
explain why the MLAA is lower when running in this shoe (Figure 5.9, pg 188). Increased 
MF-RF eversion would result in a reduction in the height of the navicular and thus a 
decreased MLAA, as calculated within this study. 
 
Another design feature of the running shoes tested that would be liable to influence MLA 
motion and MLAAs is the FF to RF height differential within the shoes (Table 5.1, pg 
152). The increased FF to RF drop in the motion control shoe and the likely increase in 
ankle joint plantar flexion may result in dorsi-flexion of the hallux and lesser toes relative 
to the metatarsals (Figure 5.12). This in turn would increase the tension in the plantar 
fascia and the MLAA (Figure 5.12) (Fuller, 2000). While this may help to explain the 
differences between the motion control and neutral shoes, both RF to FF drop and ankle 
joint plantar-flexion throughout the early to mid-part of stance are more closely matched 
between the motion control and cushioned running shoes (Tables 5.1 & 5.4, pg’s 152 & 
172). Therefore, it is proposed that differences in medial posting and the altered frontal 
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plane MF-RF kinematics are the more liable factor explaining the differences in MLA 
motion between footwear conditions.  
 
 
Figure 5.12 Diagram demonstrating the influence of increased forefoot to rearfoot drop 
in running shoe construction upon in shoe foot position, medial longitudinal arch angles 
(MLAA) and plantar fascia (PF) length 
 
The findings of this study partially reject H3, with no significant differences in MLA 
ROM between footwear conditions (Table 5.8, pg 183). This finding is consistent with 
the work of Hoffman et al., (2015) who reported no significant difference in navicular 
drop between barefoot, minimalistic and motion control running conditions. Navicular 
drop measures the vertical deformation of the navicular, which in turn would contribute 
to a large amount of the decrease in MLAA throughout the breaking phase of running 
gait. The lack of any significant difference in MLA ROM or time to peak MLA 
deformation between footwear conditions suggests that the different types of running 
shoes may alter the starting height of the MLAA. This is liable to be a result of an increase 
in static MLAA when wearing motion control running shoes, which suggests that running 
shoes have the potential to influence static foot posture. Support for this suggestion is 
provided by the work of Shultz, Birmingham and Jenkyn (2011), these authors compared 
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intersegmental foot kinematics between static trials recorded in barefoot and three shod 
conditions. Significant differences in MLA height to length ration were reported between 
the barefoot condition and the control shoe, with the MLA height to length ratio increased 
when wearing the control shoe. An increase in MLA height to length ratio would 
correspond with an increase in MLAA as measured within this study. 
 
5.4.6. Limitations 
 
As with any study this work needs to be interpreted in light of its limitations. Due to the 
differences in running shoe design between manufacturers and models developed by the 
same manufacturer, the findings of this study are limited to shoes comparable to those 
assessed. This in turn limits the external validity of the study, reducing the extent to which 
the findings can be extrapolated beyond the make and model assessed. An additional 
limitation of the present study is that it was limited to a kinematic assessment only. 
Therefore, the influence of different types of running shoes upon kinetic parameters 
and/or muscular activity should be explored in future work. Finally, the use of a treadmill 
to facilitate data capture may also be viewed as a limitation of the present work. However, 
efforts were made to reduce the differences between treadmill and over-ground running 
patterns, by ensuring participants completed a ten minute familiarisation period prior to 
data collection. The familiarisation period used within this study was longer than that 
used by both Riley et al., (2008) and Sinclair et al., (2014a) who reported no significant 
differences in stance phase lower limb and inter-segmental foot kinematics between 
treadmill and overground running conditions, respectively.   
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5.5. Summary 
 
The present study adds to our understanding of how and motion control, neutral and 
cushioned running shoes influence running kinematics, by providing a comprehensive 
evaluation of lower limb and inter-segmental foot motion between footwear conditions. 
The findings of this work revealed significant differences between the motion control, 
neutral and cushioned shoes in a number of parameters associated with knee, ankle and 
inter-segmental foot kinematics. These findings supported H1 and demonstrate the 
efficacy of different types of running shoe to alter lower limb and foot kinematics. 
However, it would appear that motion control, neutral and cushioned running shoes do 
not significantly impact running patterns as far up the kinematic chain as the hip, in 
comparison to each other. 
 
In relation to the more specific hypotheses tested within this work, the findings partially 
support both H2 and H3. MLA deformation was significantly reduced when running in 
the motion control shoe and increased in the cushioned shoe. This finding demonstrates 
that the running shoes met their specific design aims when using MLA motion to estimate 
foot pronation. The differences in MLA deformation between the footwear conditions are 
likely to be linked to the differences in MF-RF eversion motion patterns identified within 
this work. These findings together support the efficacy of motion control running shoes 
to control foot pronation, which may in turn reduce injury risk. The findings of this aspect 
of the work support the current running shoe recommendation model. 
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In contrast, the opposite finding was reported at the ankle, with cushioned shoe 
significantly reducing peak ankle eversion in comparison to the motion control shoe. 
While this finding supports part of H2, it is in contrast to the previous literature and the 
design aims of the shoe. This finding questions the use of motion control running shoes 
to reduce ankle or RF eversion. Furthermore, the disparity between this study and the 
previous literature when comparing ankle eversion between footwear conditions suggests 
that the motion of the foot within the shoe and the shoe are not analogous. As such, the 
findings of studies using shoe based markers should be interpreted with caution.  
 
The findings of this study reject the aspects of H2 and H3 related to ankle joint and MLA 
ROM, with no significant differences reported in these parameters. This finding suggests 
that running shoes alter the position of the foot within the shoe relative to each other. 
Based on this suggestion comparisons of static foot alignment in different types of 
running shoe may help to shed further light upon how different shoe modifications 
influence running kinematics. 
 
Finally, while small, the significant differences reported within this study between 
footwear conditions highlight the influence of different types of running shoe upon 
running kinematics. Despite the small magnitude and effect size of the changes, the 
kinematic alterations reported are liable to influence joint force and loading, which are 
liable to influence running injury risk. Therefore, the findings of this study support further 
exploration of motion control, neutral and cushioned running shoes, with a simultaneous 
assessment of both kinematics and kinetics desirable. The combined assessment of 
kinematic and kinetic parameters may help to elucidate how each type of running shoe 
influences running injury risk. 
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5.6. Key findings 
 
 Significant differences in lower limb and inter-segmental foot kinematics between 
footwear conditions (Tables 5.9 & 5.10, pg’s 184 & 185) 
 Significant reduction in peak ankle eversion when running in the cushioned shoe 
compared to the motion control shoe (Table 5.4, pg 172) 
 No significant differences in ankle eversion ROM between footwear conditions 
(Table 5.4) 
 Significant reduction in peak MLA deformation when running in the motion 
control shoe compared to the cushioned shoe (Table 5.8, pg 183) 
 No significant differences in MLA ROM between footwear conditions (Table 5.8) 
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Chapter 6: Thesis Limitations, Implications and Direction for Future 
Research 
 
This chapter outlines the broader limitations of the research projects which form this 
thesis, discussion regarding the potential implications of the findings of the work and 
suggested directions for future research. 
 
6.1. Limitations 
 
There are a number of limitations associated with this thesis and the findings of the work 
should be interpreted in light of these. Specific limitations associated with each 
experimental study are detailed in the relevant chapters, this section discusses the broader 
limitations of the research project. This section covers three main areas; footwear choices, 
soft tissue artefact and the use of the treadmill. 
 
6.1.1. Footwear Choices 
 
This PhD research programme was funded in part by ASICS, as outlined in the foreword, 
who provided all footwear for testing. This may raise some debate about the external 
validity about the findings of the work, due to the differences in materials and 
technologies used by different running shoe manufacturers. Disparity in the material 
properties of aspects of the running shoe across manufactures could alter the kinematic 
adaptions to running in shoes from different brands. The findings of Chapter 5 are 
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therefore limited to ASICS running shoes and potentially only the models assessed, due 
to differences in the design features of different models of running shoe developed by the 
manufacturer within the same shoe classification group (motion control, neutral and 
cushioned). However, while the materials and composition of running shoes may differ 
between manufacturers the basic principles of shoe design, which are to reduce injury risk 
and enhance performance by altering foot motion and impact characteristics (McPoil, 
2000; Reinschmidt & Nigg, 2000; Nigg & Segesser, 1992), remain consistent. As such 
the work undertaken in Chapter 5 of this thesis provides a reference for understanding 
how different types of running shoes influence running kinematics.  
 
6.1.2. Soft Tissue Artefact 
 
Skin based markers were used within the thesis to track segmental orientations in space. The use 
of skin mounted markers to estimate the position of the underlying bone is a limitation of the 
current work. Skin mounted markers move relative to the underlying bony landmark which they 
are representing, due to the movement of the soft tissue (soft tissue artefact) (Leardini et al., 
2005). Soft tissue artefacts violate the constraints of rigid body kinematic models (Alonso et al., 
2007) and will therefore introduce error in the calculated joint kinematics. Previous studies 
(Reinschmidt et al., 1997a, b) have demonstrated that skin mounted markers generally 
overestimate the motion of the underlying bones during walking and running, with soft tissue 
artefact the likely cause of this overestimation. There are various means for overcoming soft tissue 
artefact, however these require either exposure to radiation (Hoffman et al., 2015; Peltz et al., 
2014) or invasive procedures (Arndt et al., 2007; Stacoff et al., 2000; Reinschmidt et al., 1997a, 
b). These approaches were not used within this study due to ethical considerations and 
availability. In an attempt to minimise the impact of soft tissue artefact, the present study used 
semi-rigid and rigid clusters to limit the relative movement of the markers in relation to each 
other. Furthermore tracking markers were located away from joints, muscle bellies and tendons 
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where possible, to further reducing soft tissue artefact (Rouhandeh et al., 2014; Leardini et al., 
2007). 
 
6.1.3. Treadmill 
 
The use of a non-instrumented treadmill for data collection could be seen as another 
limitation. Use of an instrumented treadmill would have enabled both kinematic and 
kinetic data to be collected, however an instrumented treadmill was not available for this 
research project. While treadmills are common within research studies (Cheung & Ng, 
2007; Soutas-Little et al., 1987; Clarke et al., 1983) as they minimize space requirements, 
provide a controlled environment and the capacity to capture multiple consecutive foot 
falls within a single trial (Sinclair et al., 2013; Fellin et al., 2010; Riley et al., 2008). 
Authors have questioned the extent to which findings from treadmill running can be 
extrapolated to over-ground running, due to significant differences in lower limb 
kinematics between conditions (Sinclair et al., 2013d; Nigg, De Boer and Fisher, 1995). 
However, a number of studies (Fellin, Manal & Davis, 2010; Riley et al., 2008; 
Lavcanska et al., 2005) provided support for the extrapolation of kinematic findings 
between treadmill and over-ground environments after familiarisation periods. These 
studies reported that familiarisation periods of three to six minutes to treadmill running 
were sufficient to collect reliable joint kinematics that were not significantly different to 
those of over-ground running. For this reason participants completed a ten minute 
familiarisation period prior to data collection to reduce the differences between treadmill 
and over-ground conditions.  
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6.2. Implications 
 
The combined assessment of both lower limb and multi-segmental foot kinematics when 
running in motion control, neutral and cushioned running shoes has increased our 
understanding of how different types of ASICS running shoe influence running 
kinematics. The information developed throughout this thesis has a number of 
implications. 
 
Arndt et al., (2013) suggested that further development of non-invasive means of 
assessing foot kinematics will enable the effects of intersegmental foot motion upon 
performance and/or injury to be determined. Given the design aims of running shoes are 
to improve performance and reduce injury risk (McPoil, 2000; Reinschmidt & Nigg, 
2000; Nigg & Segesser, 1992), a greater understanding of how different footwear 
interventions influence intrinsic foot kinematics would also have benefits for shoe design 
and recommendation. The work undertaken within the first experimental study within this 
thesis (Chapter 3, pg 75) helps to further develop means of modelling the shod foot using 
a MSFM. Application of a MSFM to the assessment of the shod foot overcomes the 
limitations of the single segmental representations of the foot (discussed in Chapter 2.4.4, 
pg 35) commonly used within footwear research. The findings of Chapter 3 revealed that 
making four incisions within the shoe has minimal impact upon the running shoes 
structural integrity. As such the findings of studies using incision sets similar to the one 
used within this thesis can be interpreted with increased confidence, as the shoe should 
act in its intended manner. 
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The work undertaken in the second experimental study (Chapter 4, pg 113) advances our 
understanding of the relationship between static foot posture and dynamic foot function. 
The findings of this aspect of the work revealed that static foot classification measures 
were significant predictors of MLAA at discrete time points within the stance phase of 
barefoot and shod running gait, but not MLA deformation in either condition. These 
findings have profound implications not just in relation to running shoe recommendation 
(discussed later in this section) but also within clinical practice. It is common within 
clinical practice for static measures to be used to infer dynamic foot function and to 
prescribe therapeutic interventions (Razehi & Batt, 2002; Song et al., 1996). The lack of 
a significant relationship between static foot classification measures and MLA 
deformation questions the use of statics measures to infer dynamic foot function and in 
turn to prescribe orthotic or footwear interventions. The findings of this thesis therefore 
support moves towards dynamic assessments of the foot within clinical settings.   
 
The work undertaken within the final experimental study (Chapter 5, pg 149) determined 
the influence of motion control, neutral and cushioned running shoes upon running 
kinematics. The findings of this phase of the work enabled the efficacy of the motion 
control features within each type of running shoe to be explored. The findings of chapter 
5 revealed that the running shoes did meet their design aims when intersegmental and 
medial longitudinal arch motion patterns were explored. However, when the more 
traditional measure of pronation, foot eversion, was compared the shoes produced 
findings that contrasted to those expected based upon the design features of the shoes 
(Davis, 2014; ACSM, 2011; Butler et al., 2007; Asplund & Brown, 2005; Prichard, 2001) 
and the previous literature (Lilley et al., 2013; Cheung & Ng, 2007; Stefanyshyn et al., 
2003). These findings have implications in relation to shoe development and design. 
Identification of the features in the cushioned shoe that reduced peak ankle eversion 
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would enable these features to be built into the motion control shoe, and vice versa in 
terms of the features of the motion control shoe that increased ankle eversion. 
  
That the parameter used to assess foot motion had a profound impact upon the manner in 
which the shoes influenced foot motion highlights the complexity of assessing foot 
motion and using a single measure to quantify dynamic foot motion (Leardini et al., 
2007). Therefore, using a wider range of measures to estimate pronation, or to provide a 
more complete assessment of the individual components of pronation, maybe beneficial 
within the research setting. Furthermore, the significant differences reported in knee joint 
kinematics suggests that further exploration of running shoe modifications on joints 
further up the kinematic chain is warranted. 
 
The findings of the thesis also have implications in regards to running shoe 
recommendation. The findings of Chapter 5 support the current practice of recommending 
motion control, neutral and cushioned running shoes to runners with pronated, neutral 
and supinated feet respectively, as the shoes met their design aims when intersegmental 
foot motion was assessed (Table 5.10, pg 185). However, the findings of this thesis bring 
into question the validity of the third and fourth assumptions used to underpin this model 
of running shoe recommendation. 
 
The current model used to recommend running shoes is underpinned by the following 
assumptions (Griffiths, 2012); 
1. Excessive pronation and/or impact forces are causal factors in the development of 
running related injuries 
2. A neutral gait pattern reduces injury risk 
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3. Static foot classification can predict dynamic foot motion 
4. Running shoes can control the magnitude and/or rate of both foot motion and 
impact loading 
Assumptions one and two were not tested directly within the thesis, as such future work 
is required within these areas to explore the validity of these assumptions. The assumption 
that static foot classification can predict dynamic foot motion appears erroneous based on 
the findings of Chapter 4 (pg 113). The findings of this aspect of the work support moves 
away from static foot assessments to recommend running shoes. Moves towards dynamic 
foot assessments, during running gait, to recommend running shoes is underway within 
the running community (Brooks, 2015; Alexandra Sports, 2015; Sports Clinic Zurich, 
2015). However, static measures are still commonly highlighted as a means of 
recommending footwear (ASICS, 2015; Nike, 2015; Runners World, 2014; The Athletes 
Foot, 2015; The Running Shop, 2015). The author therefore feels that the third 
assumption within the running shoe recommendation should be replaced by a statement 
referring to the use of dynamic assessments to recommend running shoes.  
 
With regards to the fourth assumption within the running shoe recommendation model, 
the findings of this thesis suggest that the different types of running shoes, included within 
the running shoe recommendation model, influence the magnitude but not the rate of foot 
motion (Chapter 5, pg 154). Previous studies (Hardin et al., 2004; Milani et al., 1995; De 
Wit et al., 1995; Nigg & Morlock, 1987) have reported that more extreme differences 
between footwear conditions influence the rate of foot motion. Therefore, moves to more 
extreme modifications between motion control, neutral and cushioned running shoes may 
be able to elicit changes in the rate of foot motion. However, based upon the data gathered 
within this thesis the author proposes that the fourth assumption within the running shoe 
recommendation model be revised in light of this information. 
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The author would like to conclude this section with the recommendation of a revised 
running shoe recommendation model based upon the empirical evidence developed 
throughout this thesis. The findings of this thesis support the current recommendation of 
motion control running shoes to runners with a pronated foot type, neutral running shoes 
to runners with a neutral foot type and cushioned running shoes to runners with a 
supinated foot type. However, the third and fourth assumptions used to underpin this 
model should be revised in light of the findings of this research project. As such the 
revised running shoe recommendation model should be underpinned by the following 
statements; 
1. Excessive pronation and/or impact forces are causal factors in the development of 
running related injuries  
2. A neutral gait pattern reduces injury risk  
3. Dynamic assessment methods should be used to assess foot motion with a view 
to recommending running shoes  
4. Running shoes can control the magnitude of foot motion 
5. Running shoes can control the magnitude and/or rate of both foot motion and 
impact loading 
 
6.3. Direction for Future Research  
 
Future research is recommended to address some of the limitations presented above 
(section 6.1, pg 211) and to advance understanding of the influence of footwear on foot 
and lower limb biomechanics. The combination of measurement of kinematics and 
kinetics of different types of running shoe would enable the simultaneous assessment of 
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both the motion control and cushioning features built into the different types of shoe. The 
simultaneous assessment of both kinematic and kinetic parameters would also enable the 
calculation of joint moments. The calculation of moments would allow the influence of 
each type of running shoe upon the forces acting about joints to be explored, which may 
in turn be more closely related to how each type of shoe could influence running injury 
risk 
 
Repeating the work undertaken within this thesis but expanding the scope of the study to 
include different brands of running shoe would enhance the external validity of the work. 
Furthermore, work of this nature would reveal how comparable running shoes within the 
same category are across manufacturers. Furthermore, future work could explore the 
influence of different types of running shoes designed for female runners upon foot and 
lower limb kinematics. A single sex cohort was recruited for this study due to gender 
differences in shoe constructions (ASICS, 2016) and running kinematics (Sinclair et al., 
2012; Ferber et al., 2003). 
 
Visual assessment of the kinematic patterns reported within Chapter 5 revealed 
differences between footwear conditions at stages of the stance phase not identified by 
the parameters selected within the current study to describe the motion patterns. As such 
future research should look to use more sophisticated analytical approaches capable of 
comparing the motion patterns over the entire stance phase between footwear conditions. 
Recent studies (Trudeau et al., 2015; Nigg et al., 2012; Maurer et al., 2011) have 
successfully utilised principal component analysis and support vector machines to 
classify footwear conditions based upon plantar loading and kinematic patterns. As such, 
this type of analytical approach has the potential to determine how different footwear 
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conditions influence foot and lower limb kinematics and to determine functional groups 
of responders and non-responders. Identification of functional groups would enable 
further developments of the running shoe recommendation model, with shoes 
recommended based upon the common characteristics of those within each group. 
 
A key factor implicated in the development of running related injuries is the cumulative 
effect of the repeated stress applied to the body when running for a prolonged period of 
time (Saragiotto et al., 2014; Ferber et al., 2009; Hreljac et al., 2000). As such 
determining the influence of different types of running shoe upon running kinematics 
during prolonged running or in a fatigued condition may provide a greater understanding 
of how running shoes alter injury risk. Further exploration of this nature is supported by 
the findings of Butler et al., (2007) and Cheung and Ng (2007), who reported that 
prolonged running alters the influence of different types of running shoe upon running 
kinematics.  
 
A number of participants within Chapter 3 reported that the shoe felt more secure with 
incision set one compared to incision set two. This highlights that subjective assessment 
of running shoe integrity may help to determine how alterations in the shoes are perceived 
by the runner. Previous studies (Dinato et al., 2015; Miller et al., 2000; Hennig, Valiant 
& Liu, 1996) have demonstrated that runners can subjectively rate running shoes based 
upon cushioning properties or perceived comfort. As such the suggestion that runners 
would be able to assess alterations in the running shoes structural integrity due to incisions 
made within the shoe appears viable.  
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While the findings of Chapter 4 support moves away from static foot classification when 
looking to predict dynamic foot function, future work is required to determine appropriate 
assessment techniques and cut off point for dynamic foot classification. As well as 
looking to develop dynamic foot classification measures, future studies should also look 
to further explore the relationship between measures of static foot posture and kinetic 
measures of dynamic foot function. This suggestion is based upon the findings of a recent 
systematic review (Dowling et al., 2014) which highlighted a number of plantar pressure 
variables associated with the development of overuse injuries. 
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Barefoot vs. Shod: A comparison of lower limb motion during running using Symmetry Analysis 
Langley, B.1, Morrison, S.1, & Cramp, M.2 
1: UEL (London, England), 2: UWE (Bristol, England) 
Introduction 
Previous research (Sinclair et al., 2013; De Wit et al., 2000) has assessed kinematic differences between 
barefoot and shod running and reported differences in sagittal plane hip, knee and ankle motion at 
discrete points within the gait cycle. Further information may be gained about kinematic differences by 
analysis of the entire kinematic waveform. The aim of this work was to examine differences in barefoot 
and shod lower limb kinematics during running using symmetry analysis. 
Method 
Fifteen males (27 ± 5years, 1.77 ± 0.04m, 80 ± 10kg) ran at a self selected pace (2.8 ± 0.5m.s-1) on a 
treadmill in barefoot and shod conditions (standardized ASICS running shoes) . Kinematic data were 
collected using an eight camera VICON MX motion analysis system (sampling at 200Hz). Hip, knee and 
ankle angles were calculated using the Plug in Gait model (Davis et al., 1991) and averaged over 5 gait 
cycles. Trend symmetry (TS) analysis (Crenshaw & Richards, 2006) was used to compare kinematic 
curves for the two conditions. A TS score of 1 equals perfect symmetry and > 0.95 highly symmetrical 
waveforms. TS values were calculated for each subject and averaged across subjects. Additionally, joint 
angles at initial contact (IC) and stance phase range of motion (ROM) were compared between 
conditions using paired t-tests and Wilcoxon matched pairs analysis. 
Results 
TS analysis revealed highly symmetrical (TS > 0.95) kinematic patterns for barefoot and shod conditions 
at the hip, knee and ankle in the sagittal plane, hip and ankle in the frontal plane and the knee and ankle 
in the transverse plane. Knee joint motion in the frontal plane was the least symmetrical (TS = 0.87). 
Significant (p < 0.05) differences between conditions at IC were recorded at the ankle in all three planes. 
Sagittal plane knee, and transverse plane knee and ankle motion were significantly (p < 0.05) greater in 
the shod condition. Sagittal plane ankle joint motion was significantly (p < 0.05) greater in the barefoot 
condition. 
Discussion 
The kinematic patterns recorded within this study are consistent with those reported by Sinclair et al., 
(2013) for barefoot running. Overall TS analysis revealed that barefoot and shod running patterns are 
highly similar. However, there are significant changes in lower limb orientation at IC and the ROM at the 
knee and ankle. 
References 
Crenshaw SJ, Richards JG (2006) Gait Posture, 24, 515-521 
Davis RB, Õunpuu S, Tyburski D, Gage JR (1991) Hum Mov Sci, 10, 575-587 
De Wit B, De Clercq D, Aerts, P (2000) J Biomech, 33, 269-278 
Sinclair J, Greenhalgh A, Brooks D, Edmundson CJ, Hobbs SJ (2013) Footwear Science, 5, 45-53 
Contact 
langley@uel.ac.uk 
 
Appendix I 
VI 
 
 
 
Footwear Biomechanics Symposium, Liverpool, 8th – 10th July 2015  
 
Multi-segmental foot modelling during shod activity: study of running shoe 
integrity 
 
Ben Langleya*, Mary Crampb,  Kenta Moriyasuc, Tsuyoshi Nishiwakic, and Stewart C 
Morrisona 
aUniversity of East London, London, UK 
bUniversity of West of England, Bristol, UK 
cASICS Institute of Sport Science, Kobe, Japan 
 
Introduction 
Multi-segmental foot modelling (MSFM) during shod activity has the potential to 
enhance our understanding of how footwear influences foot motion. Recent work by 
Bishop et al. (2015) and Shultz & Jenkyn (2012) has validated the incision parameters to 
accommodate surface mounted markers for two alternative MSFMs, requiring 7 and 5 
incisions respectively, within the shoe. These MSFMs have been sparsely used in contrast 
to 3DFoot model (Leardini et al. 2007) which would require 10 incisions and has not been 
used previously to assess in-shoe foot motion. 
 
Purpose of the study 
To determine the influence of incisions to accommodate Jenkyn and Nicol (JN) and 
3DFoot MSFMs upon the structural integrity of neutral running shoes. 
 
Methods 
Two procedures were applied to assess shoe deformation. A) Eight males (30±8yrs, 
1.78±0.05m, 84±7kg) completed 2 testing sessions. Participants ran at a self-selected pace 
(3±0.5m.s-1) in standard ASICS running shoes. Baseline shoe deformation data was 
collected during the first session. Prior to session 2, 25mm incisions were made to 
accommodate MSFMs: 3DFoot (left shoe) and JN (right shoe). Kinematic data were 
recorded using 3D motion analysis (VICON, Oxford, England) at 200Hz. Three retro-
reflective markers (Figure 1) were used to measure as shoe distance and shoe angle at 
initial contact (IC), heel rise (HR) and toe off (TO). Shoe deformation measures were 
compared using paired t-tests. B) Material strain of the shoe upper was assessed in 1 male 
participant (26yrs, 1.80m, 80kgs) using ARAMIS optical system. Material strain patterns 
were compared between intact and cut conditions using Trend symmetry (TS) analysis 
(Crenshaw & Richards, 2006).  
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Figure 1.  Marker placement for shoe deformation analysis 
Results 
No significant differences (p > 0.05) in shoe distance were recorded between intact and 
cut conditions but significant differences (p < 0.05) were reported in shoe angle at all 
three events of running gait (Table 1). Material strain assessment showed lower TS scores 
for the lateral aspect of the shoe (TS = 0.81 ± 0.11) than the medial aspect (TS = 0.89 ± 
0.12). Symmetry was greater between the intact and JN shoe (TS= 0.88 ± 0.10) than the 
intact and 3DFoot shoe (TS = 0.82 ± 0.13). 
 
Table 1. Mean difference (SD) between intact and cut conditions  
 Shoe Distance 
(mm) 
Shoe Angle (°) 
JN 3DFoot JN 3DFoot 
IC 1 (2) 1 (4) 4 (5) * 1 (5) 
HR 0 (2) 1 (5) -1 (3) -3 (3) * 
TO 0 (3) 2 (4) 3 (3) * 1 (3) 
* P < 0.05 
Discussion and Conclusion 
Analysis of kinematic shoe deformation measures revealed individual responses to 
incisions made within the upper of a running shoe to accommodate MSFMs. Significant 
(p < 0.05) changes in shoe angles were noted between the intact and cut conditions at IC 
and TO for the JN incisions and HR for the 3DFoot incisions. However, while the changes 
in shoe angle were significant, the mean difference was small (≤ 5°). This value is lower 
than the minimal important difference proposed by Nester et al. (2007) for comparison 
of gait kinematics. Thus, it may be argued that the differences in shoes angles between 
intact and cut conditions were negligible and the results support the use of either MSFM 
to assess shod foot motion.  
 
While the use of kinematic measures to infer the shoes structural integrity have been used 
previously (Shultz and Jenkyn, 2012), no validation of these measure has been 
undertaken. The small and non-systematic findings reported in both this study and that of 
Shultz and Jenkyn (2012), particularly for shoe distance measures; question the sensitivity 
of kinematic shoe deformation measures to detect changes in structural integrity. Material 
strain analysis was used to further explore area specific alterations in the running shoes 
structural integrity from the different incision sets. The material strain analysis supported 
the use of the JN foot model to assess in-shoe foot kinematics, due to higher symmetry 
scores and smaller mean differences between the intact and JN shoes. Further exploration 
of additional means of assessing the influence of incisions to accommodate MSFM upon 
the shoes structural integrity is warranted.  
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Do static foot measures predict medial longitudinal arch motion during running?  
Langley, B.1, Morrison, S.C.1, & Cramp, M.C.2 
1: UEL (London, England), 2: UWE (Bristol, England) 
Introduction 
Static assessment of the structural alignment and/or characteristics of the foot are 
commonly advocated by running shoe manufacturers and retailers to classify the foot, 
with a view to recommending the appropriate type of running shoe. Despite this, the 
extent to which static measures predict dynamic foot motion during running is 
unsubstantiated, with findings from previous research producing conflicting results (Lee 
& Hertel, 2012; McPoil & Cornwall, 2007; Nachbauer & Nigg, 1992). The purpose of 
this work was to determine whether static foot assessment could predict medial 
longitudinal arch (MLA) motion during running. 
Method 
Fifteen physically active males (27 ± 5 years, 1.77 ± 0.04m, 80 ± 10kg) participated in 
the study. Foot Posture Index (FPI-6), MLA and rearfoot angles were measured in a 
relaxed standing position. Static MLA and rearfoot angles, and dynamic MLA motion 
were calculated from the position of retro-reflective markers tracked by a VICON motion 
analysis system. Markers were attached to the medial malleolus, navicular tuberosity and 
the first metatarsal head in order to calculate the MLA angle and to the base of the 
calcaneus, the Achilles tendon attachment, the centre of the Achilles tendon at the height 
of the medial malleoli and the centre of the posterior aspect of the shank to calculate the 
rearfoot angle.  Participants ran barefoot on a treadmill at a self-selected pace (2.8 ± 
0.5m.s-1) during dynamic trials. Bivariate linear regression was used to determine whether 
the static foot classification measures predicted MLA range of motion (ROM) and MLA 
angles at initial contact (IC), midsupport (MS) and toe off (TO). 
Results 
All three foot classification measures were significant predictors of MLA angle at IC, MS 
and TO (p < .05) explaining 40-91% of the variance (Table 1). None of the static foot 
classification measures were significant predictors of the range of MLA motion during 
the stance phase of running (Table 1). 
Discussion 
The findings of this study revealed that all selected static classification measures were 
significant predictors of MLA angles at discrete time points within the running gait cycle. 
Static MLA angle explained the greatest amount of variance in dynamic MLA angles at 
discrete time points within the running gait cycle, accounting for 91%, 87% and 84% of 
the difference in MLA angles at IC, MS and TO respectively. However, the importance 
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of being able to predict MLA angles at discrete time points is questionable, as angles at 
discrete time points provide only limited information as to the dynamic functioning of the 
foot. In contrast, MLA ROM during the stance phase of running gait gives an indication 
as to the dynamic flexibility and function of the foot, which have theoretical links to the 
development running related injuries (Asplund & Brown, 2005; Williams et al., 2001). 
The absence of a significant relationship (p > .05) between the foot classification 
measures and MLA ROM during running has implications for both clinicians and the 
running community, specifically running shoe retailers, who commonly use static foot 
classification measures to recommend running shoes.  
Conclusion 
The findings from this work suggest that static foot classification measures do not predict 
MLA motion during running.  This finding lends support to the view that static foot 
assessment may not be an appropriate approach to classify the foot with a view to 
recommending footwear interventions designed to reduce injury risk. 
Disclosure 
This study was undertaken as part of an ASICS sponsored PhD studentship. 
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Table 1. Coefficient of determination (r) for static foot classification measures and aspects 
of dynamic MLA motion throughout the stance phase of the running gait cycle 
 Dynamic MLA motion 
 ROM IC Midsupport TO 
FPI-6 -.03 -.68* -.76** -.73** 
MLA angle  .07 .95*** .93*** .92*** 
Rearfoot angle -.46 .68* .76** .64* 
* p < .05 ** p < .005 *** p < .001 
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Barefoot vs. Shod: A comparison of lower limb motion during running  
Langley, B.1, Morrison, S.C.1, & Cramp, M.2 
1: UEL (London, England), 2: UWE (Bristol, England) 
Introduction 
There is controversy regarding the association between running footwear and footwear-
related injury (Lieberman et al., 2010). In response to this, assessment of barefoot running 
patterns has emerged as a trend within the biomechanics literature and fuelled the debate 
around the impact of footwear on running biomechanics. Recent studies (Sinclair et al., 
2013; Lieberman et al., 2010) have revealed significant differences between shod and 
barefoot running in sagittal plane hip, knee and ankle joint motion at discrete time points 
within the gait cycle. However, analysis of discrete events offers limited insight into the 
kinematic differences between barefoot and shod running patterns and relies upon the 
subjective selection of key variables within the waveform. Therefore, the aim of this study 
was to further examine differences in barefoot and shod lower limb kinematics during 
running using trend symmetry (TS) analysis. 
Method 
Fifteen males (27 ± 5years, 1.77 ± 0.04m, 80 ± 10kg) ran at a self-selected pace (2.8 ± 
0.5m.s-1) on a treadmill in barefoot and shod conditions (standardized ASICS running 
shoes). Kinematic data were collected using an eight camera VICON MX motion analysis 
system, sampling at 200Hz. Hip, knee and ankle angles were calculated using the Plug in 
Gait model (Davis et al., 1991). TS analysis (Crenshaw & Richards, 2006) was used to 
compare kinematic curves between the two conditions. TS values were calculated for 
each subject and averaged across all subjects. Within the TS analysis, the range offset 
(RO) and range amplitude ratio (RAR) were calculated. Additionally, joint angles upon 
initial contact (IC) and stance phase range of motion (ROM) were compared between 
conditions using paired t-tests and Wilcoxon matched pairs analysis. 
Results 
TS, RO and RAR values are reported for each joint in Table 1. TS analysis revealed highly 
symmetrical (TS > 0.95) kinematic patterns between barefoot and shod conditions at the 
hip, knee and ankle in the sagittal plane, hip and ankle in the frontal plane and the knee 
and ankle in the transverse plane. Knee joint motion in the frontal plane was the least 
symmetrical (TS = 0.87). The RO revealed small mean differences between conditions 
(RO < 4°). RAR scores highlight greater ranges of motion in the shod condition for all 
joints, apart from sagittal plane ankle joint movement. Significant (p < 0.05) differences 
between conditions upon IC were recorded at the ankle in all three planes. Sagittal plane 
knee, and transverse plane hip, knee and ankle joint motion were significantly (p < 0.05) 
greater in the shod condition. Sagittal plane ankle joint motion was significantly (p < 
0.05) greater in the barefoot condition.  
Discussion 
The aim of this study was to further examine differences in barefoot and shod lower limb 
kinematics during running using TS analysis. TS analysis revealed high levels of 
symmetry (TS > 0.95) for the majority of the motions of the lower limb between barefoot 
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and shod conditions (Table 1). The high levels of symmetry suggest that when the entire 
waveform is taken into consideration moving between barefoot and shod conditions has 
little influence upon running kinematics. The small RO values adds further weight to the 
argument that the absence of footwear has minimal influence upon running kinematics 
(table 1). However, significant differences were reported in joint orientations upon IC and 
ROM. The significant differences reported within this study are consistent with the 
previous literature (Sinclair et al., 2013; Lieberman et al., 2010). The increase in ankle 
joint plantar flexion upon initial contact highlights a change in foot striking pattern when 
running barefoot, with participants utilizing mid- to fore-foot striking patterns. It is 
speculated that the differences in joint ROM between conditions reported in this study 
are a direct result of the change in foot striking patterns. Previous research (Gruber et al., 
2014) has suggested that the changes in joint ROM between foot striking patterns, as 
reported between conditions within the current study, maybe indicative of changes in the 
shock attenuation mechanisms as a result of different loading patterns.  
Conclusions 
When compared over the entire kinematic waveform, barefoot and shod running patterns 
are generally highly symmetrical, with small mean differences (RO) between conditions. 
The highly symmetrical motion patterns between conditions may suggest that kinematic 
adaptations to barefoot running have less of an influence upon running patterns than 
previously suggested based upon analysis of discrete variables. Despite highly 
symmetrical movement patterns, the key adaptation to running barefoot appears to be an 
increase in ankle joint plantar flexion upon IC, which demonstrates a move towards mid- 
to fore-foot striking patterns within this condition. 
Disclosure 
This study was undertaken as part of an ASICS sponsored PhD studentship.  
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Table 1. Trend symmetry (TS), range offset (RO) and range amplitude ratio (RAR) values 
for the comparison of barefoot and shod foot and lower limb motion patterns, averaged 
over 15 participants 
  TS (unitless) RO (°) RAR (unitless) 
Hip Sagittal 1.00 (0.00) -1.00 (3.40) 0.98 (0.08) 
 Frontal 0.98 (0.02) -0.24 (1.79) 0.89 (0.24) 
 Transverse 0.89 (0.11) -0.74 (8.33) 0.85 (0.24) 
Knee Sagittal 0.98 (0.02) -0.34 (3.81) 0.88 (0.14) 
 Frontal 0.87 (0.14) -0.41 (4.66) 0.75 (0.42) 
 Transverse 0.98 (0.02) 2.29 (7.63) 0.83 (0.22) 
Ankle Sagittal 0.98 (0.02) 0.08 (4.80) 1.09 (0.17) 
 Frontal 0.98 (0.02) 0.56 (0.94) 0.91 (0.17) 
 Transverse 0.98 (0.02) -3.29 (7.25) 0.88 (0.19) 
NOTE: Positive range offset and range amplitude ratios above 1 denote greater motion 
in the barefoot condition 
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Appendix II: Review of the literature exploring the influence of systematic 
alterations to running shoes upon running kinematics 
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Table 2.10. Summary of studies exploring the influence of systematic alterations to the heel flare, heel height or heel counter of running shoes upon 
running kinematics 
Study n 
Running 
Shod Conditions  Parameters Measured Key Findings Surface Velocity (m.s-
1) 
Nigg & Morlock 
(1987) 
14 OG 4.0  16° heel flare 
 0° heel flare 
 Rounded (negative) heel 
flare 
 RF Ev at IC 
 RF Ev ROM 
 RF Ev Vel 
 Shoe Ev at IC 
 Shoe Ev ROM 
 Shoe Ev Vel 
 Shoe Sole Flex at IC 
 Significant (p <.05) reduction in RF and 
Shoe Ev at IC with rounded heel flare 
compared to 16° heel flare  
 Significant (p < .05) reduction in RF and 
Shoe Ev Vel with rounded heel flare 
compared to 16° heel flare  
 No significant (p > .05) difference in RF or 
Shoe Ev ROM between conditions 
 Significantly (p < .05) reduction in Shoe 
Sole Flex at IC with rounded heel flare 
compared to 16° heel flare 
Nigg & Bahlsen 
(1988) 
14 OG 4.0  16° heel flare  
 0° heel flare angle 
 Rounded (negative) heel 
flare 
 RF Ev at IC 
 RF Ev ROM10% 
 RF Ev ROM 
 RF Ev at TO 
 RF Ev Max 
 Shoe Ev at IC 
 Shoe Ev ROM10% 
 Shoe Ev ROM 
 Shoe Sole Flex at IC 
 Knee Flex at IC 
 vVel Heel at IC 
 apVel Heel at IC 
 Significant (p < .05) differences in RF and 
Shoe Ev ROM10% between heel flare 
constructions; highest in the 16° heel flare 
 Significant (p < .05) differences in apVel 
Heel at IC between heel flare constructions; 
highest with 16° heel flare and lowest with 
rounded heel flare 
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Reinschmidt & 
Nigg (1995) 
5 OG 4.6  2.1cm heel height 
 2.4cm heel height 
 2.7cm heel height 
 3.0cm heel height 
 3.3cm heel height 
 Max Ankle Moment 
 Time to Max Ankle 
Moment 
 Min Ankle Moment 
 Time to Min Ankle 
Moment 
 Significant (p < .05) increase in Max Ankle 
Moment with an increase in heel height 
 Significant (p < .05) increase in Time to 
Max Ankle Moment with an increase in 
heel height 
 No significant (p > .05) differences in Min 
Ankle Moment and Time to Min Ankle 
Moment between heel heights  
Van Gheluwe et 
al., (1995) 
30 TM 3.8  Flexible heel counter 
 Medium heel counter 
 Rigid heel counter 
 RF Ev at IC & HR 
 RF Ev at 15% Stance 
 RF Ev Max 
 Shoe Ev at IC & HR 
 Shoe Ev at 15% 
Stance 
 Shoe Ev Max 
 Comparison of in-shoe and shoe motion 
 Significant (p < .05) differences between 
the three shoes in relation to the difference 
between the in-shoe and shoe motion 
patterns at each time point  
Dixon & Kerwin 
(1999) 
8 OG 3.93  0mm heel lift 
 7.5mm heel lift 
 15mm heel lift 
 Foot DF at IC 
 Ankle DF at IC 
 Ankle DF Peak 
 FFlat Angle 
 Knee Flex at IC 
 Knee Flex Peak 
 %∆ Achilles tendon 
length 
 No significant (p > .01) difference in Knee 
Flex between heel lift conditions 
 Significant (p <.01) decrease in Ankle DF 
at IC and Peak with 7.5mm and 15mm heel 
lifts 
 Significant (p < .01) increase in FFlat angle 
with 7.5mm and 15mm heel lifts 
 Significant (p < .01) decrease in %∆ 
Achilles tendon length with 7.5mm and 
15mm heel lifts 
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Stacoff et al., 
(2001) 
5 OG 2.5-3.0  Flared heel 
 Round heel 
 Straight heel 
 RF Ev at IC 
 RF Ev Max/ROM 
 RF Ev ROM 
 RF Ev Vel 
 TIR Max/ ROM 
 TIR ROM 
 TIR Vel 
 No systematic differences between shoes 
for any of the measured variables 
 Between-subject differences greater than 
between-condition differences 
Note: RF Ev refers to the motion of the rearfoot relative to the shank; Shoe Ev refers to the motion of the heel counter of the shoe to the laboratory frame of reference 
%∆ = Percentage Change   apVel = Anterior-Posterior Velocity   DF = Dorsi-flexion   Ev = Eversion   FFlat = Foot Flat   Flex = Flexion   HR = Heel Rise   IC = Initial Contact   Max 
= Maximum   Min = Minimum   n = Number of Participants   OG = Overground   RF = Rearfoot   ROM = Range of Motion   ROM10% = Range of Motion over the first 10% of stance   
Stance = Stance Phase   TIR = Tibial Internal Rotation   TM = Treadmill   TO = Toe Off   Vel = Velocity   vVel = Vertical Velocity 
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Table 2.11. Summary of studies exploring the influence of systematic alterations to the midsole of running shoes upon running kinematics 
Study n 
Running 
Shod Conditions  Parameters Measured Key Findings Surface Velocity (m.s-1) 
Nigg & Bahlsen 
(1988) 
14 OG 4.0 Single density EVA 
midsole (Shore A 35)  
Dual density PU midsole 
(Shore A 70 & 40)  
Dual density EVA 
midsole (Shore A 25 & 
35)  
RF Ev at IC 
RF Ev ROM10% 
RF Ev ROM 
RF Ev at TO 
RF Ev Max 
Shoe Ev at IC 
Shoe Ev ROM10% 
Shoe Ev ROM 
Shoe Sole Flex at IC 
Knee Flex at IC 
vVel Heel at IC 
apVel Heel at IC 
 Significant (p < .05) differences in RF and 
Shoe Ev ROM10% between midsole 
constructions; highest in dual density PU 
midsole and lowest in dual density EVA 
midsole 
 Significant (p < .05) differences in RF and 
Shoe Ev ROM between midsole 
constructions; highest dual density PU 
midsole and lowest in dual density EVA 
midsole 
 Significant (p < .05) differences in apVel 
Heel at IC between midsole constructions; 
highest in single density EVA midsole and 
lowest in dual density EVA midsole)   
McNair & 
Marshall (1994) 
10 TM 3.5 Shoe A; Double density 
EVA midsole with 
cantilever outsole 
Shoe B; Double density 
EVA midsole 
Shoe C; Air filled chambers 
within a double density 
EVA midsole 
Shoe D; Encapsulated 
double density EVA midsole 
Knee Flex at IC 
Knee Flex ROMStance 
Knee Flex ROMSwing 
Ankle DF at IC 
Ankle Flex ROMStance 
Ankle Flex ROMSwing 
 No significant (p > .05) differences in knee 
or ankle joint kinematics between shod 
conditions 
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De Wit et al., 
(1995) 
7 TM 4.5 Soft (Asker C40) midsole 
hardness 
Hard (Asker C65) midsole 
hardness 
Shoe Ev at IC 
Shoe Ev ROM10% 
Shoe Ev Max 
Shoe Ev Mean Vel10% 
Shoe Ev Max Vel10% 
RF Ev at IC 
RF Ev ROM10% 
RF Ev ROM 
 Significant (p < .05) increase in Shoe Ev 
ROM10%, Shoe Ev Mean Vel10% and Shoe Ev 
Max Vel10% when running in the Hard midsole 
shoe  
 Significant (p < .05) increase in Shoe Ev Max 
when running in the Soft midsole shoe 
 Significant (p < .05) decrease in RF Ev at IC in 
the Hard midsole shoe 
 Significant (p < .05) increase in RF Ev ROM10% 
when running in the hard midsole shoe 
 Significant (p < .05) increase in RF Ev ROM 
when running in the soft midsole shoe 
Hardin et al., 
(2004) 
12 TM 3.4 Midsole Hardness Shore 40 
Midsole Hardness Shore 70 
Hip Flex at IC 
Hip Flex Max 
Hip Flex Max Vel 
Knee Flex at IC 
Knee Flex Max 
Knee Flex Max Vel 
Ankle DF at IC 
Ankle DF Max 
Ankle DF Max Vel 
 No significant (p > .05) differences in hip or knee 
flexion between shoe conditions 
 Significant (p < .01) increase in Ankle DF Max 
Vel with midsole hardness Shore 70 
 
 
 
 
 
  
XIX 
 
Azevedo et al., 
(2005) 
15 OG NR EVA cushioning column 
(Shore 40) 
PU cushioning column 
(Shore 70) 
EVA single midsole unit 
(Shore 45) 
EVA single midsole unit 
(Shore 50) 
Knee Flex at IC 
Knee Flex at MSt 
Knee Flex at TSW 
Ankle DF at IC 
Ankle DF at MSt 
Ankle DF at TSW 
Foot Ev ROM 
 Significant (p < .05) increase in Knee Flex at IC 
in EVA single midsole unit (Shore 50) shoe 
compared to EVA cushioning column (Shore 40) 
and PU cushioning column (Shore 70) shoes  
 Significant (p < .05) increase in Ankle DF at 
TSW in PU cushioning column (Shore 70) shoe 
compared to EVA cushioning column (Shore 40) 
and EVA single midsole unit (Shore 50) shoes  
 Significant (p < .05) increase in Ankle DF at IC 
in PU cushioning column (Shore 70) shoe 
compared to EVA single midsole unit (Shore 50) 
shoe  
 No significant (p > .05) differences in Foot Ev 
ROM between shoes 
Nigg et al., (2012) 93 OG 3.33 Soft midsole hardness 
Medium midsole hardness 
Hard midsole hardness 
Differences in lower limb 
kinematics explored using 
PCA 
 Reduced hip and knee flexion ROM with the soft 
midsole compared to the hard midsole 
 Increased ankle DF ROM with the soft midsole 
compared to the hard midsole 
Chambon et al., 
(2014) 
15 OG 3.3 0mm midsole thickness 
2mm midsole thickness 
4mm midsole thickness 
8mm midsole thickness 
16mm midsole thickness 
Hip Flex at IC 
Hip Flex ROM 
Knee Flex at IC 
Knee Flex ROM 
Ankle Flex at IC 
Ankle Flex ROM 
 No significant (p > .05) differences in any 
kinematic variables between different midsole 
thicknesses 
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TenBroek et al., 
(2014) 
10 TM 3.0 Thick midsole 
Medium midsole 
Thin midsole 
Foot DF at IC 
Foot Peak 
TIR Peak 
TIR Exc IC to Peak 
Thigh Flex at IC 
Thigh IR Peak 
Thigh IT Exc IC to Peak 
Ankle joint at IC 
Ankle joint Peak 
Ankle joint Exc IC to Peak 
Knee at IC 
Knee Flex Peak 
Knee Flex Exc IC to Peak 
 Significant (p < .05) increase in thigh Flex at IC 
with increased midsole thickness 
 Significant (p < .05) increase in ankle joint DF at 
IC with increased midsole thickness 
 Significant (p < .05) increase in foot DF at IC 
with increased midsole thickness 
 Significant (p < .05) increase in peak knee joint 
flexion and excursion with increased midsole 
thickness 
 Significant (p < .05) increase in peak ankle joint 
eversion and excursion with decreased midsole 
thickness 
 
Rao et al., (2015) 8 OG 3.33 Barefoot 
0mm Midsole thickness 
16mm Midsole thickness 
Ankle DF at IC 
Ankle DF ROM 
 Significantly (p < .05) reduced ankle joint DF 
upon IC when running barefoot compared to 
both shod conditions 
 Significantly (p < .05) increased ankle joint DF 
ROM when running barefoot compared to both 
shod conditions 
 No significant (p > .05) differences between 
0mm and 16mm midsole thicknesses 
Note: RF Ev refers to the motion of the rearfoot relative to the shank; Shoe Ev refers to the motion of the heel counter of the shoe to the laboratory frame of reference 
apVel = Anterior-Posterior Velocity   DF = Dorsi-flexion   Ev = Eversion   EVA = Ethyl Vinyl Acetate   Exc = Excursion   Flex = Flexion   IC = Initial Contact   Max = Maximum   MSt = Midstance   n = Number of Participants   
OG = Overground   PU = Polyurethane   RF = Rearfoot   ROM = Range of Motion   ROM10% = Range of Motion over the first 10% of the stance phase   ROMStance = Stance Phase Range of Motion   ROMSwing = Swing Phase 
Range of Motion   TIR = Tibial Internal Rotation   TM = Treadmill   TO = Toe Off   TSW = Terminal Swing   Vel = Velocity   Vel10% = Velocity over first 10% of stance phase   vVel = Vertical Velocity 
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Table 2.12. Summary of studies exploring the influence of systematic alterations to medial/lateral wedging upon running kinematics 
Study n 
Running 
Shod Conditions  
Parameters 
Measured 
Key Findings Surface Velocity (m.s-1) 
Milani et 
al., (1995) 
20 OG 3.5 Neutral shoe 
8° Valgus wedge shoe 
8° Varus wedge shoe 
RF Ev at IC 
RF Ev at TO 
RF Ev Max 
RF Ev Max Vel 
 Significant (p < .05) increases in RF Ev at 
IC and TO for the valgus shoe compared to 
the neutral shoe 
 Significant (p < .05) increases in RF Ev Max 
and Max Vel for the valgus shoe compared 
to the neutral shoe 
 Significant (p < .05) decreases in RF Ev 
Max and Max Vel for the varus shoe 
compared to the neutral shoe 
Perry & 
Lafortune 
(1995) 
10 OG 3.8 Normal running shoe 
Normal running shoe with 
10° varus wedge 
Normal running shoe with 
10° valgus wedge 
RF Ev Max  Significant (p < .05) increase in RF Ev Max 
with 10° valgus wedge compared to the 
normal running shoe 
 Significant (p < .05) decrease in RF Ev Max 
with 10° varus wedge compared to the 
normal running shoe 
Ev = Eversion   IC = Initial Contact   Max = Maximum   RF = Rearfoot   TO = Toe Off   Vel = Velocity 
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Pilot Foot Classification Reliability Study 
 
AII.1. Methodology 
 
AII.1.1. Participants 
 
A convenient sample of 30 participants (29 ± 6years, 1.72 ± 0.08m, 75 ± 18kg) were 
recruited from the University of East London. All participants were free from injury and 
any known or visible skeletal abnormality that may have altered static foot structure. 
Ethical approval was granted by the University of East London. All participants provided 
written informed consent.  
 
AII.1.2. Protocol 
 
The right foot was assessed for all participants and one investigator conducted all testing 
(BL). For all measurements participants were asked to assume a relaxed standing position 
in double limb support, looking straight ahead with their arms by their sides. The order 
of testing was consistent throughout the study and measurements were conducted in the 
following order: Foot Posture Index (FPI-6), rearfoot angle (RFA), medial longitudinal 
arch angle (MLAA) and navicular drop (ND). Participants were tested on two occasions 
within the same session, with at least a ten minute rest period between measures. All skin 
markings were removed after the first test and a second rater (ST) recorded test scores to 
help blind the principal investigator and reduce bias within the data set.  
 
The FPI-6 was conducted to the guidelines of Redmond (2005). The FPI-6 assesses talar 
head congruency, lateral malleoli curvature, calcaneal inversion/eversion, talonavicular 
bulging, MLA congruency and forefoot to rearfoot abduction/adduction. Each component 
was scored on a scale ranging from -2 to +2, with the cumulative score defining foot 
posture. The cut off points for each foot classification group were as such; highly pronated 
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10 to 12, pronated 6 to 9, neutral 0 to 5, supinated -1 to -4 and highly supinated -5 to -12 
(Redmond, 2005).  
 
The rearfoot angle was calculated (using equation one) from the reconstructed positions 
of four retro-reflective markers, tracked by a VICON motion analysis system (VICON 
Motion Systems Ltd., Oxford, England), attached to the posterior aspect of the calcaneus 
and the shank (Figure AII.1). Marker one was attached to the base of the calcaneus, 
marker two at the Achilles tendon attachment, marker three to the centre of the Achilles 
tendon at the height of the medial malleoli and marker four in the centre of the posterior 
aspect of the shank 15cm above marker three. The cut off points for foot classification 
based on the rearfoot angle were as such; ≥3° valgus representative of a pronated foot 
type, 2° valgus to 2° varus a neutral foot type and ≥3° varus a supinated foot type (Dahle 
et al, 1991). 
Eq 1.  RFA = Cos-1(
𝑢·𝑣
|𝑢||𝑣|
) 
Where; 
u = vector formed by markers one and two 
v = vector formed by markers three and four 
 
Figure AII.1. Marker locations for rearfoot angle calculation, marker 1 = base of 
calcaneus, marker 2 = Achilles tendon attachment, marker 3 = centre of Achilles tendon 
at the height of the medial malleous and marker 4 = centre of the posterior aspect of the 
shank 15cm above marker 3 
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Equation two was used to calculate the MLA angle (γ) from the position of three retro-
reflective markers, tracked by the VICON motion analysis system, attached to the medial 
malleolus, navicular tuberosity and the first metatarsal head (Figure AII.2). MLA angles 
of <130˚ represent a pronated foot type, 130-150˚ a neutral foot type and >150˚ a 
supinated foot type (Dahle et al, 1991). 
  Eq 2. MLAA = Cos-1 (
|𝑎|2+|𝑏|2−|𝑐|2
2|𝑎||𝑏|
) 
Where; 
a = Vector connecting the medial malleolus and the navicular tuberosity 
b = Vector connecting the navicular tuberosity and the first metatarsal head 
c = Vector connecting the medial malleolus and the first metatarsal head 
 
 
Figure AII.2. Surface marking of the anatomical landmarks used to calculate the MLAA; 
MM = medial malleolus, NT = navicular tuberosity, 1MH = 1st metatarsal head and γ = 
MLAA 
 
The navicular tuberosity was palpated with the participant in a relaxed standing position 
and marked with a skin marker pen. The height of the navicular was then marked on a 
piece of card, placed next to the medial aspect of the foot, with the participant in a relaxed 
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stance position. The foot was then placed into subtalar neutral as determined by 
congruence of the medial and lateral talar heads and the height of the navicular tuberosity 
marked on the card again. The difference between the subtalar neutral and relaxed 
standing navicular height markings was then measured manually using a ruler. The cut 
off points for each foot classification group were 5-9mm drop neutral, ≤4mm drop 
supinated and ≥10mm drop pronated (Nakhaee et al, 2008). 
 
AIII.1.3. Data Analysis 
 
All data analysis was conducted in Microsoft Excel 2007 and IBM® SPSS® statistics 
software (Version 20). FPI-6 scores were transformed into logit values through Rasch 
modelling, to convert the ordinal scores into interval measures for parametric statistical 
analysis (Keenan et al, 2007). Prior to analysis all data was tested for normalcy using the 
Shapiro-Wilk test. All data were normally distributed except for the ND.   
 
Where data were normally distributed mixed model intraclass correlation coefficients 
(ICC(3,1) were used to assess intra-rater reliability. Where data violated parametric data 
assumptions a weighted Kappa (Kw) was used to assess intra-rater reliability. 
Additionally, Kw was used to determine the agreement between test and retest foot 
classification grouping. Weights were assigned within the Kw test using a quadratic 
function. Both ICC and Kappa statistics were interpreted conventionally to the guidelines 
of Landis and Koch (1977). Finally, standard error of the measurement (SEM) was 
calculated using equation 4. 
Equation 4: SEM = SD√(1 - rxx) 
Where; 
SD = standard deviation of the difference between test and retest scores 
rxx = ICC value 
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AII.2. Results 
 
Table AII.1: Test retest reliability statistics for the Foot Posture Index (FPI-6), rearfoot 
angel (RFA), medial longitudinal arch angle (MLAA) and navicular drop (ND) measures 
 ICC SEM Kw 
FPI-6 0.93 N.A. 0.68 
RFA 0.69 2.5˚ 0.84 
MLAA  0.86 3.6˚ 0.93 
ND 0.40* 2.12mm 0.40 
* Weighted Kappa statistic  
 
The results demonstrated almost perfect test-retest reliability (ICC(3, 1) = 0.93), coupled 
with substantial agreement (Kw = 0.68) between test and retest foot classification grouping 
for the FPI-6 (Table AII.1). The RFA displayed substantial test retest reliability (ICC(3, 1)  
= 0.69), with a relatively large SEM (SEM = 2.5°) (Table AII.1). Kw analysis revealed 
almost perfect agreement (Kw = 0.84) between test and retest foot classification groupings 
(Table AII.1). The MLAA measurement showed almost perfect test-retest reliability 
(ICC(3, 1)  = 0.86) and almost perfect agreement (Kw = 0.93) between test and retest foot 
classification (Table AIII.1). The SEM for the MLAA was 3.6° (Table AII.1). The ND 
test had fair test retest reliability based on a Kw analysis (Kw = 0.4) (Table AII.1). The 
SEM for the ND measure was 2.12mm (Table AII.1).   
 
AIII.3. Conclusion 
 
The findings from this study demonstrated good levels of reliability for three of the 
measures, and moderate agreement for classification of participants into foot types. ND 
demonstrated the lowest levels of reliability accompanied by relatively high error and 
therefore it is not recommended for use for foot classification as a stand-alone clinical 
measure.  
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AIII.1. Critical assessment of the medial longitudinal arch height to length ratio 
within the Jenkyn and Nicol (2007) foot model 
 
MLA motion is calculated as a ratio of MLA height to length in the Jenkyn and Nicol 
(2007) foot model; with an increasing ratio representing a supinating foot and a 
decreasing ratio a pronating foot. MLA height is defined as the distance between the 
navicular tuberosity marker (NT) and the MLA length vector, which is defined as the 
distance from the medial aspect of the calcaneus (CAMT) and the first metatarsal head 
(1MH). The model assumes that NT is above the MLA length vector however, within this 
study it was noted that participants with low arch profiles violated this assumption as the 
navicular marker was below the vector (Figure AIII.1). This reverses the calculated 
motion curve, with increasing ratios representing a pronating foot and decreasing ratios a 
supinating foot, resulting in disparity between MLA motion curves between participants. 
The differences in MLA height to length ratio motion curves, for representative 
participants with a neutral MLAA and a low MLAA, are shown Figure AIII.2. The 
different MLA motion curves reported within this work when using the MLA height to 
length ratio calculated within the Jenkyn and Nicol (2007) foot model led to the 
conclusion that the measure was not robust. As such it was desirable to use an alternative 
measure of MLA motion. As such the MLAA was calculated as outlined within the 
methods of Chapter 4.2.4 (pg 136).  
 
Figure AIII.1. Marker locations for the calculation of the MLA height to length ratio 
within the Jenkyn and Nicol (2007) foot model. A) Neutral MLAA (neutral foot) with 
navicular marker above the MLA length vector. B) Low MLAA (pronated foot) with 
navicular marker below the MLA length vector 
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Figure AIII.2. Medial longitudinal arch (MLA) height to length ratio for a participant with 
a neutral MLA angle (MLAA = 144°) (solid line) and a participant with a low MLA angle 
(dashed line) 
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AIII.2. Comparison of Medial Longitudinal Arch Angles Calculated using Medial 
Malleoli and Projected Lateral Malleoli Positions 
 
Figure AIII.3 shows the MLA motion curves, averaged over two participants who were 
retested, calculated from the position of markers attached to the lateral malleoli and also 
the medial malleoli. The difference between the two curves was calculated, at each time 
point during the stance phase, and the average calculated. Figure AIII.3 shows that there 
is a systematic upward shift in the MLA angle calculated using the lateral malleoli 
position. The mean difference between the two MLA curves was 3°. Figure AIII.4 further 
highlights the similarity between the two motion curves, each curve was demeaned and 
then plotted so that the motion patterns moved around 0°, the difference between the two 
calculation methods here was <1°. This information has led to the conclusion that we can 
have a high level of confidence in the dynamic motion patterns calculated within the 
work. 
 
 
Figure AIII.3. MLAA motion patterns throughout the stance phase of barefoot running 
calculated using a medial projection of the lateral malleoli marker (dashed line) and the 
medial malleoli marker (solid line); averaged motion patterns over 5 trials for 2 
participants 
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Figure AIII.4. Demeaned MLAA motion patterns throughout the stance phase of barefoot 
running calculated using a medial projection of the lateral malleoli marker (dashed line) 
and the medial malleoli marker (solid line); averaged motion patterns over 5 trials for 2 
participants 
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Appendix V: Statistical Assumption Testing 
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AIV.1. Chapter 3 
 
Table AIV.1.1. Normality test results for shoe distance at initial contact during running in the intact 
condition; Variables00001-5 relate to data for each of the five gait cycles data were averaged over 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
VAR00001 .169 8 .200* .960 8 .808 
VAR00002 .156 8 .200* .970 8 .895 
VAR00003 .142 8 .200* .954 8 .749 
VAR00004 .144 8 .200* .966 8 .865 
VAR00005 .150 8 .200* .964 8 .843 
 
Table AIV.1.2. Normality test results for shoe distance at heel rise during running in the intact condition; 
Variables00001-5 relate to data for each of the five gait cycles data were averaged over 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
VAR00001 .172 8 .200* .965 8 .853 
VAR00002 .162 8 .200* .956 8 .767 
VAR00003 .178 8 .200* .965 8 .859 
VAR00004 .194 8 .200* .957 8 .778 
VAR00005 .199 8 .200* .954 8 .746 
 
 
Table AIV.1.3. Normality test results for shoe distance at toe off during running in the intact condition; 
Variables00001-5 relate to data for each of the five gait cycles data were averaged over 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
VAR00001 .207 8 .200* .940 8 .611 
VAR00002 .209 8 .200* .945 8 .663 
VAR00003 .237 8 .200* .928 8 .498 
VAR00004 .235 8 .200* .938 8 .594 
VAR00005 .204 8 .200* .962 8 .829 
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Table AIV.1.4. Normality test results for shoe angle at initial contact during running in the intact 
condition; Variables00001-5 relate to data for each of the five gait cycles data were averaged over 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
VAR00001 .160 8 .200* .942 8 .630 
VAR00002 .204 8 .200* .852 8 .099 
VAR00003 .189 8 .200* .923 8 .456 
VAR00004 .203 8 .200* .908 8 .343 
VAR00005 .158 8 .200* .902 8 .299 
 
Table AIV.1.5. Normality test results for shoe angle at heel rise during running in the intact condition; 
Variables00001-5 relate to data for each of the five gait cycles data were averaged over 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
VAR00001 .166 8 .200* .928 8 .498 
VAR00002 .177 8 .200* .923 8 .451 
VAR00003 .161 8 .200* .948 8 .691 
VAR00004 .192 8 .200* .932 8 .530 
VAR00005 .233 8 .200* .919 8 .425 
 
 
Table AIV.1.6. Normality test results for shoe angle at toe off during running in the intact condition; 
Variables00001-5 relate to data for each of the five gait cycles data were averaged over 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
VAR00001 .165 8 .200* .948 8 .690 
VAR00002 .166 8 .200* .948 8 .695 
VAR00003 .156 8 .200* .959 8 .798 
VAR00004 .166 8 .200* .965 8 .856 
VAR00005 .150 8 .200* .958 8 .790 
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Appendix AIV.2. Chapter 4 
 
Correlation Assumptions 
 
Figure AIV.2.1. Foot Posture Index (FPI-6) scores plotted against rearfoot angle (RFA) scores (n = 15)
 
Figure AIV.2.2. Foot Posture Index (FPI-6) scores plotted against medial longitudinal arch angle 
(MLAA) scores (n = 15) 
 
Figure AIV.2.3. Rearfoot angle (RFA) scores plotted against medial longitudinal arch angle (MLAA) 
scores (n = 15) 
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Table AIV2.1. Normality test results for the standardized residuals calculated from each correlation 
pairing (correlation pairing) 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized Residual 
(MLAA & RFA) 
.304 15 .001 .814 15 .006 
Standardized Residual 
(RFA & FPI-6) 
.141 15 .200* .973 15 .901 
Standardized Residual 
(MLAA & FPI-6) 
.133 15 .200* .958 15 .653 
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Regression Assumptions – Normal Distribution 
 
Table AIV2.2. SPSS output containing normality test results for the standardized residuals calculated 
from the Foot Posture Index and medial longitudinal arch angle at initial contact during barefoot running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.115 15 .200* .963 15 .738 
 
Table AIV2.3. SPSS output containing normality test results for the standardized residuals calculated 
from the static medial longitudinal arch angle and medial longitudinal arch angle at initial contact during 
barefoot running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.109 15 .200* .988 15 .998 
 
 
Table AIV2.4. SPSS output containing normality test results for the standardized residuals calculated 
from the rearfoot angle and medial longitudinal arch angle at initial contact during barefoot running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.120 15 .200* .951 15 .534 
 
 
Table AIV2.5. SPSS output containing normality test results for the standardized residuals calculated 
from the Foot Posture Index and medial longitudinal arch angle at initial contact during shod running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.106 15 .200* .984 15 .989 
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Table AIV2.6. SPSS output containing normality test results for the standardized residuals calculated 
from the static medial longitudinal arch angle and medial longitudinal arch angle at initial contact during 
shod running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.203 15 .097 .897 15 .087 
 
 
Table AIV2.7. SPSS output containing normality test results for the standardized residuals calculated 
from the rearfoot angle and medial longitudinal arch angle at initial contact during shod running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.157 15 .200* .929 15 .260 
 
 
Table AIV2.8. SPSS output containing normality test results for the standardized residuals calculated 
from the Foot Posture Index and medial longitudinal arch angle at midstance during barefoot running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.109 15 .200* .952 15 .558 
 
 
Table AIV2.9. SPSS output containing normality test results for the standardized residuals calculated 
from the static medial longitudinal arch angle and medial longitudinal arch angle at midstance during 
barefoot running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.194 15 .136 .906 15 .119 
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Table AIV2.10. SPSS output containing normality test results for the standardized residuals calculated 
from the rearfoot angle and medial longitudinal arch angle at midstance during barefoot running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.133 15 .200* .962 15 .730 
 
 
Table AIV2.11. SPSS output containing normality test results for the standardized residuals calculated 
from the Foot Posture Index and medial longitudinal arch angle at midstance during shod running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.132 15 .200* .974 15 .906 
 
 
Table AIV2.12. SPSS output containing normality test results for the standardized residuals calculated 
from the static medial longitudinal arch angle and medial longitudinal arch angle at midstance during 
shod running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.197 15 .122 .911 15 .141 
 
Table AIV2.13. SPSS output containing normality test results for the standardized residuals calculated 
from the static rearfoot angle and medial longitudinal arch angle at midstance during shod running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.134 15 .200* .972 15 .892 
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Table AIV2.14. SPSS output containing normality test results for the standardized residuals calculated 
from the Foot Posture Index and medial longitudinal arch angle at toe off during barefoot running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.128 15 .200* .963 15 .745 
 
 
Table AIV2.15. SPSS output containing normality test results for the standardized residuals calculated 
from the static medial longitudinal arch angle and medial longitudinal arch angle at toe off during 
barefoot running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.157 15 .200* .965 15 .780 
 
Table AIV2.16. SPSS output containing normality test results for the standardized residuals calculated 
from the static rearfoot angle and medial longitudinal arch angle at toe off during barefoot running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.145 15 .200* .971 15 .871 
 
Table AIV2.17. SPSS output containing normality test results for the standardized residuals calculated 
from the Foot Posture Index and medial longitudinal arch angle at toe off during shod running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.084 15 .200* .992 15 1.000 
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Table AIV2.18. SPSS output containing normality test results for the standardized residuals calculated 
from the static medial longitudinal arch angle and medial longitudinal arch angle at toe off during shod 
running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.110 15 .200* .980 15 .973 
 
Table AIV2.19. SPSS output containing normality test results for the standardized residuals calculated 
from the static rearfoot angle and medial longitudinal arch angle at toe off during shod running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.092 15 .200* .975 15 .927 
 
 
Table AIV2.20. SPSS output containing normality test results for the standardized residuals calculated 
from the Foot Posture Index and medial longitudinal arch range of motion during barefoot running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.200 15 .111 .947 15 .475 
 
Table AIV2.21. SPSS output containing normality test results for the standardized residuals calculated 
from the static medial longitudinal arch angle and medial longitudinal arch range of motion during 
barefoot running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.202 15 .102 .943 15 .415 
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Table AIV2.22. SPSS output containing normality test results for the standardized residuals calculated 
from the static rearfoot angle and medial longitudinal arch deformation during barefoot running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.176 15 .200* .947 15 .483 
 
 
Table AIV2.23. SPSS output containing normality test results for the standardized residuals calculated 
from the Foot Posture Index and medial longitudinal arch deformation during shod running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.204 15 .092 .921 15 .201 
 
Table AIV2.24. SPSS output containing normality test results for the standardized residuals calculated 
from the static medial longitudinal arch angle and medial longitudinal arch deformation during shod 
running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.168 15 .200* .940 15 .386 
 
Table AIV2.25. SPSS output containing normality test results for the standardized residuals calculated 
from the static rearfoot angle and medial longitudinal arch deformation during shod running 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.164 15 .200* .916 15 .167 
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Regression Assumptions – Homoscedasticity 
 
 
Table AIV2.26. SPSS output containing the homoscedasticity test results for the Foot Posture Index and 
medial longitudinal arch angle at initial contact during barefoot running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .670a .449 .406 9.31761 1.627 
 
Table AIV2.27. SPSS output containing the homoscedasticity test results for the static medial longitudinal 
arch angle and medial longitudinal arch angle at initial contact during barefoot running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .950a .902 .895 3.92382 1.700 
 
Table AIV2.28. SPSS output containing the homoscedasticity test results for the rearfoot angle and medial 
longitudinal arch angle at initial contact during barefoot running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .773a .598 .567 7.95961 1.613 
 
Table AIV2.29. SPSS output containing the homoscedasticity test results for the Foot Posture Index and 
medial longitudinal arch angle at initial contact during shod running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .410a .168 .104 10.83288 1.783 
 
Table AIV2.30. SPSS output containing the homoscedasticity test results for the static medial longitudinal 
arch angle and medial longitudinal arch angle at initial contact during shod running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .866a .750 .731 5.93533 2.191 
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Table AIV2.31. SPSS output containing the homoscedasticity test results for the rearfoot angle and medial 
longitudinal arch angle at initial contact during shod running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .666a .444 .401 8.85964 1.676 
 
Table AIV2.32. SPSS output containing the homoscedasticity test results for the Foot Posture Index and 
medial longitudinal arch angle at midstance during barefoot running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .765a .586 .554 8.26707 1.983 
 
Table AIV2.33. SPSS output containing the homoscedasticity test results for the static medial longitudinal 
arch angle and medial longitudinal arch angle at midstance during barefoot running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .937a .878 .868 4.48951 1.904 
 
Table AIV2.34. SPSS output containing the homoscedasticity test results for the rearfoot angle and medial 
longitudinal arch angle at midstance during barefoot running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .805a .647 .620 7.62833 1.844 
 
Table AIV2.35. SPSS output containing the homoscedasticity test results for the Foot Posture Index and 
medial longitudinal arch angle at midstance during shod running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .476a .227 .167 10.81866 2.060 
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Table AIV2.36. SPSS output containing the homoscedasticity test results for the static medial longitudinal 
arch angle and medial longitudinal arch angle at midstance during shod running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .825a .681 .656 6.95271 2.430 
 
Table AIV2.37. SPSS output containing the homoscedasticity test results for the static rearfoot angle and 
medial longitudinal arch angle at midstance during shod running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .646a .418 .373 9.38595 1.932 
 
Table AIV2.38 SPSS output containing the homoscedasticity test results for the Foot Posture Index and 
medial longitudinal arch angle at toe off during barefoot running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .731a .534 .498 9.76116 2.388 
 
Table AIV2.39. SPSS output containing the homoscedasticity test results for the static medial longitudinal 
arch angle and medial longitudinal arch angle at toe off during barefoot running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .914a .835 .823 5.80414 1.877 
 
Table AIV2.40. SPSS output containing the homoscedasticity test results for the static rearfoot angle and 
medial longitudinal arch angle at toe off during barefoot running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .770a .594 .562 9.11540 1.990 
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Table AIV2.41. SPSS output containing the homoscedasticity test results for the Foot Posture Index and 
medial longitudinal arch angle at toe off during shod running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .554a .307 .254 12.02711 1.965 
 
Table AIV2.42. SPSS output containing the homoscedasticity test results for the static medial longitudinal 
arch angle and medial longitudinal arch angle at toe off during shod running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .880a .775 .758 6.85296 2.129 
 
Table AIV2.43. SPSS output containing the homoscedasticity test results for the static rearfoot angle and 
medial longitudinal arch angle at toe off during shod running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .698a .487 .448 10.34651 1.873 
 
Table AIV2.44. SPSS output containing the homoscedasticity test results for the Foot Posture Index and 
medial longitudinal arch deformation during barefoot running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .031a .001 -.076 3.20582 1.944 
 
Table AIV2.45. SPSS output containing the homoscedasticity test results for the static medial longitudinal arch 
angle and medial longitudinal arch deformation during barefoot running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .071a .005 -.071 3.19916 1.963 
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Table AIV2.46. SPSS output containing the homoscedasticity test results for the static rearfoot arch angle and 
medial longitudinal arch deformtion during barefoot running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .056a .003 -.074 3.20235 1.956 
 
Table AIV2.47. SPSS output containing the homoscedasticity test results for the Foot Posture Index and 
medial longitudinal arch deformation during shod running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .338a .114 .046 2.75772 2.088 
 
Table AIV2.48. SPSS output containing the homoscedasticity test results for the static medial longitudinal 
arch angle and medial longitudinal arch deformation during shod running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .356a .126 .059 2.73857 2.176 
 
Table AIV2.49. SPSS output containing the homoscedasticity test results for the static rearfoot arch angle 
and medial longitudinal arch deformation during shod running 
Model Summaryb 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate Durbin-Watson 
1 .390a .152 .087 2.69834 2.345 
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Regression Assumptions – Distribution of errors within the regression model 
 
Figure AIV.2.4. Expected vs observed values for the regression model describing the relationship between 
the Foot Posture Index and medial longitudinal arch angles at initial contact during barefoot running 
 
 
Figure AIV.2.5. Expected vs observed values for the regression model describing the relationship between 
the static medial longitudinal arch angles and medial longitudinal arch angles at initial contact during 
barefoot running 
 
 
Figure AIV.2.6. Expected vs observed values for the regression model describing the relationship between 
the rearfoot angles and medial longitudinal arch angles at initial contact during barefoot running 
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Figure AIV.2.7. Expected vs observed values for the regression model describing the relationship between 
the Foot Posture Index and medial longitudinal arch angles at initial contact during shod running 
 
 
Figure AIV.2.8. Expected vs observed values for the regression model describing the relationship between 
the static medial longitudinal arch angles and medial longitudinal arch angles at initial contact during shod 
running 
 
 
 
Figure AIV.2.9. Expected vs observed values for the regression model describing the relationship between 
the rearfoot angles and medial longitudinal arch angles at initial contact during shod running 
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Figure AIV.2.10. Expected vs observed values for the regression model describing the relationship between 
the Foot Posture Index and medial longitudinal arch angles at midstance during barefoot running 
 
 
Figure AIV.2.11. Expected vs observed values for the regression model describing the relationship between 
the static medial longitudinal arch angles and medial longitudinal arch angles at midstance during barefoot 
running 
 
Figure AIV.2.12. Expected vs observed values for the regression model describing the relationship between 
the rearfoot angles and medial longitudinal arch angles at midstance during barefoot running 
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Figure AIV.2.13. Expected vs observed values for the regression model describing the relationship between 
the Foot Posture Index and medial longitudinal arch angles at midstance during shod running 
 
 
Figure AIV.2.14. Expected vs observed values for the regression model describing the relationship between 
the static medial longitudinal arch angles and medial longitudinal arch angles at midstance during shod 
running 
 
Figure AIV.2.15. Expected vs observed values for the regression model describing the relationship between 
the rearfoot angles and medial longitudinal arch angles at midstance during shod running 
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Figure AIV.2.16. Expected vs observed values for the regression model describing the relationship between 
the Foot Posture Index and medial longitudinal arch angles at toe off during barefoot running 
 
 
Figure AIV.2.17. Expected vs observed values for the regression model describing the relationship between 
the static medial longitudinal arch angles and medial longitudinal arch angles at toe off during barefoot 
running 
 
 
Figure AIV.2.18. Expected vs observed values for the regression model describing the relationship between 
the static rearfoot angles and medial longitudinal arch angles at toe off during barefoot running 
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Figure AIV.2.19. Expected vs observed values for the regression model describing the relationship between 
the Foot Posture Index and medial longitudinal arch angles at toe off during shod running 
 
 
 
Figure AIV.2.20. Expected vs observed values for the regression model describing the relationship between 
the static medial longitudinal arch angles and medial longitudinal arch angles at toe off during shod running 
 
Figure AIV.2.21. Expected vs observed values for the regression model describing the relationship between 
the static rearfoot angles and medial longitudinal arch angles at toe off during shod running 
 
 
 
 
  
LV 
 
 
 
 
Figure AIV.2.22. Expected vs observed values for the regression model describing the relationship between 
the Foot Posture Index and medial longitudinal arch deformation during barefoot running 
 
 
Figure AIV.2.23. Expected vs observed values for the regression model describing the relationship between 
the static medial longitudinal arch angles and medial longitudinal arch deformation during barefoot running 
 
Figure AIV.2.24. Expected vs observed values for the regression model describing the relationship between 
the static rearfoot angles and medial longitudinal arch deformation during barefoot running 
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Figure AIV.2.25. Expected vs observed values for the regression model describing the relationship between 
the Foot Posture Index and medial longitudinal arch deformation during shod running 
 
 
 
Figure AIV.2.26. Expected vs observed values for the regression model describing the relationship between 
the static medial longitudinal arch angles and medial longitudinal arch deformation during shod running 
 
 
Figure AIV.2.27. Expected vs observed values for the regression model describing the relationship between 
the static rearfoot angles and medial longitudinal arch deformation during shod running 
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Appendix AIV.3. Chapter 5 
Hip 
Table AIV3.1. SPSS output containing normality test results for sagittal plane hip joint angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .093 28 .200* .931 28 .066 
Cushioned .111 28 .200* .972 28 .647 
MotionControl .122 28 .200* .973 28 .670 
 
Table AIV3.2. SPSS output containing normality test results for peak sagittal plane hip joint angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .093 28 .200* .934 28 .078 
Cushioned .117 28 .200* .949 28 .184 
MotionControl .119 28 .200* .978 28 .791 
 
Table AIV3.3. SPSS output containing normality test results for sagittal plane hip joint range of motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .167 28 .043 .927 28 .051 
Cushioned .204 28 .004 .905 28 .015 
MotionControl .172 28 .033 .928 28 .055 
 
Table AIV3.4. SPSS output containing normality test results for sagittal plane hip joint angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .078 28 .200* .975 28 .719 
Cushioned .101 28 .200* .985 28 .954 
MotionControl .112 28 .200* .940 28 .113 
 
Table AIV3.5. SPSS output containing normality test results for time to peak sagittal plane hip joint angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .193 28 .009 .929 28 .060 
Cushioned .181 28 .019 .885 28 .005 
MotionControl .169 28 .038 .895 28 .009 
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Table AIV3.6. SPSS output containing normality test results for frontal plane hip joint angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .142 28 .153 .900 28 .011 
Cushioned .130 28 .200* .909 28 .019 
MotionControl .136 28 .200* .897 28 .010 
 
Table AIV3.7. SPSS output containing normality test results for peak frontal plane hip joint angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .163 28 .053 .921 28 .038 
Cushioned .110 28 .200* .949 28 .182 
MotionControl .131 28 .200* .924 28 .043 
 
Table AIV3.8. SPSS output containing normality test results for frontal plane hip joint range of motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .217 28 .002 .894 28 .008 
Cushioned .224 28 .001 .842 28 .001 
MotionControl .173 28 .032 .888 28 .006 
 
Table AIV3.9. SPSS output containing normality test results for frontal plane hip joint angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .153 28 .090 .931 28 .065 
Cushioned .122 28 .200* .934 28 .078 
MotionControl .126 28 .200* .933 28 .072 
 
Table AIV3.10. SPSS output containing normality test results for time to peak frontal plane hip joint 
angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .174 28 .029 .953 28 .235 
Cushioned .240 28 .000 .768 28 .000 
MotionControl .182 28 .018 .921 28 .037 
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Table AIV3.11. SPSS output containing normality test results for transverse plane hip joint angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .118 28 .200* .969 28 .559 
Cushioned .080 28 .200* .977 28 .782 
MotionControl .108 28 .200* .966 28 .485 
 
Table AIV3.12. SPSS output containing normality test results for peak transverse plane hip joint angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .086 28 .200* .982 28 .893 
Cushioned .104 28 .200* .979 28 .816 
MotionControl .100 28 .200* .972 28 .640 
 
Table AIV3.13. SPSS output containing normality test results for transverse plane hip joint range of 
motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .210 28 .003 .911 28 .021 
Cushioned .193 28 .009 .845 28 .001 
MotionControl .170 28 .036 .877 28 .004 
 
Table AIV3.14. SPSS output containing normality test results for transverse plane hip joint angle at toe 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .089 28 .200* .975 28 .706 
Cushioned .137 28 .191 .961 28 .376 
MotionControl .078 28 .200* .972 28 .637 
 
Table AIV3.15. SPSS output containing normality test results for time to peak transverse plane hip joint 
angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .251 28 .000 .721 28 .000 
Cushioned .258 28 .000 .686 28 .000 
MotionControl .257 28 .000 .700 28 .000 
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Knee 
Table AIV3.16. SPSS output containing normality test results for sagittal plane knee joint angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .110 28 .200* .978 28 .807 
Cushioned .092 28 .200* .967 28 .491 
MC .103 28 .200* .978 28 .801 
 
Table AIV3.17. SPSS output containing normality test results for peak sagittal plane knee joint angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .136 28 .200* .966 28 .468 
Cushioned .110 28 .200* .982 28 .886 
MC .092 28 .200* .974 28 .702 
 
Table AIV3.18. SPSS output containing normality test results for sagittal plane knee joint range of 
motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .122 28 .200* .961 28 .373 
Cushioned .123 28 .200* .969 28 .554 
MC .135 28 .200* .949 28 .189 
 
Table AIV3.19. SPSS output containing normality test results for sagittal plane knee joint angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .135 28 .200* .965 28 .462 
Cushioned .100 28 .200* .960 28 .351 
MC .117 28 .200* .959 28 .332 
 
Table AIV3.20. SPSS output containing normality test results for time to peak sagittal plane knee joint 
angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .223 28 .001 .879 28 .004 
Cushioned .223 28 .001 .894 28 .008 
MC .220 28 .001 .914 28 .025 
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Table AIV3.21. SPSS output containing normality test results for frontal plane knee joint angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .166 28 .045 .782 28 .000 
Cushioned .198 28 .006 .741 28 .000 
MC .164 28 .051 .799 28 .000 
 
Table AIV3.22. SPSS output containing normality test results for peak frontal plane knee joint angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .143 28 .150 .894 28 .008 
Cushioned .141 28 .164 .890 28 .007 
MC .123 28 .200* .924 28 .044 
 
Table AIV3.23. SPSS output containing normality test results for frontal plane knee joint range of motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .217 28 .002 .865 28 .002 
Cushioned .115 28 .200* .963 28 .413 
MC .109 28 .200* .966 28 .473 
 
Table AIV3.24. SPSS output containing normality test results for frontal plane knee joint angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .203 28 .004 .746 28 .000 
Cushioned .195 28 .008 .738 28 .000 
MC .206 28 .004 .696 28 .000 
 
Table AIV3.25. SPSS output containing normality test results for time to peak frontal plane knee joint 
angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .288 28 .000 .833 28 .000 
Cushioned .193 28 .009 .901 28 .012 
MC .199 28 .006 .892 28 .007 
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Table AIV3.26. SPSS output containing normality test results for transverse plane knee joint angle at 
initial contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .102 28 .200* .968 28 .530 
Cushioned .138 28 .183 .951 28 .211 
MC .101 28 .200* .946 28 .160 
 
Table AIV3.27. SPSS output containing normality test results for peak transverse plane knee joint angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .142 28 .153 .967 28 .508 
Cushioned .090 28 .200* .958 28 .318 
MC .112 28 .200* .967 28 .492 
 
Table AIV3.28. SPSS output containing normality test results for transverse plane knee joint range of 
motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .092 28 .200* .954 28 .253 
Cushioned .118 28 .200* .949 28 .189 
MC .116 28 .200* .939 28 .106 
 
Table AIV3.29. SPSS output containing normality test results for transverse plane knee joint angle at toe 
off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .118 28 .200* .953 28 .231 
Cushioned .165 28 .050 .933 28 .073 
MC .165 28 .049 .914 28 .025 
 
Table AIV3.30. SPSS output containing normality test results for time to peak transverse plane knee joint 
angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .150 28 .109 .946 28 .154 
Cushioned .125 28 .200* .969 28 .567 
MC .181 28 .019 .924 28 .043 
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Ankle 
Table AIV3.31. SPSS output containing normality test results for sagittal plane ankle joint angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .092 28 .200* .983 28 .920 
Cushioned .118 28 .200* .913 28 .023 
MC .078 28 .200* .984 28 .933 
 
Table AIV3.32. SPSS output containing normality test results for peak sagittal plane ankle joint angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .171 28 .035 .858 28 .001 
Cushioned .172 28 .032 .897 28 .010 
MC .143 28 .150 .963 28 .403 
 
Table AIV3.33. SPSS output containing normality test results for sagittal plane ankle joint range of 
motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .118 28 .200* .977 28 .780 
Cushioned .081 28 .200* .990 28 .992 
MC .085 28 .200* .984 28 .925 
 
Table AIV3.34. SPSS output containing normality test results for sagittal plane ankle joint angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .114 28 .200* .969 28 .566 
Cushioned .130 28 .200* .902 28 .012 
MC .117 28 .200* .974 28 .689 
 
Table AIV3.35. SPSS output containing normality test results for time to peak sagittal plane ankle joint 
angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .145 28 .140 .964 28 .436 
Cushioned .221 28 .001 .929 28 .058 
MC .172 28 .033 .936 28 .085 
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Table AIV3.36. SPSS output containing normality test results for frontal plane ankle joint angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .104 28 .200* .973 28 .659 
Cushioned .102 28 .200* .982 28 .886 
MC .084 28 .200* .987 28 .970 
 
Table AIV3.37. SPSS output containing normality test results for peak frontal plane ankle joint angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .161 28 .061 .939 28 .105 
Cushioned .130 28 .200* .926 28 .048 
MC .106 28 .200* .974 28 .694 
 
Table AIV3.38. SPSS output containing normality test results for frontal plane ankle joint range of 
motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .128 28 .200* .959 28 .325 
Cushioned .132 28 .200* .939 28 .104 
MC .193 28 .009 .926 28 .050 
 
Table AIV3.39. SPSS output containing normality test results for frontal plane ankle joint angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .105 28 .200* .971 28 .609 
Cushioned .119 28 .200* .974 28 .684 
MC .095 28 .200* .983 28 .917 
 
Table AIV3.40. SPSS output containing normality test results for time to peak sagittal plane ankle joint 
angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .165 28 .050 .969 28 .565 
Cushioned .187 28 .014 .915 28 .026 
MC .208 28 .003 .931 28 .067 
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Table AIV3.41. SPSS output containing normality test results for transverse plane ankle joint angle at 
initial contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .082 28 .200* .991 28 .996 
Cushioned .079 28 .200* .988 28 .978 
MC .122 28 .200* .982 28 .886 
 
Table AIV3.42. SPSS output containing normality test results for peak transverse plane ankle joint angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .092 28 .200* .971 28 .600 
Cushioned .098 28 .200* .987 28 .968 
MC .085 28 .200* .953 28 .233 
 
Table AIV3.43. SPSS output containing normality test results for transverse plane ankle joint range of 
motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .121 28 .200* .934 28 .079 
Cushioned .126 28 .200* .949 28 .184 
MC .134 28 .200* .962 28 .388 
 
Table AIV3.44. SPSS output containing normality test results for transverse plane ankle joint angle at toe 
off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .095 28 .200* .970 28 .574 
Cushioned .101 28 .200* .976 28 .747 
MC .085 28 .200* .980 28 .840 
 
Table AIV3.45. SPSS output containing normality test results for time to peak transverse plane ankle 
joint angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .297 28 .000 .781 28 .000 
Cushioned .389 28 .000 .633 28 .000 
MC .320 28 .000 .574 28 .000 
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Midfoot to Rearfoot (MF-RF) 
 
Table AIV3.46. SPSS output containing normality test results for sagittal plane MF-RF angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .095 28 .200* .961 28 .359 
Cushioned .078 28 .200* .988 28 .980 
MC .090 28 .200* .980 28 .845 
 
Table AIV3.47. SPSS output containing normality test results for peak sagittal MF-RF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .085 28 .200* .969 28 .567 
Cushioned .086 28 .200* .982 28 .893 
MC .112 28 .200* .970 28 .583 
 
Table AIV3.48. SPSS output containing normality test results for sagittal MF-RF range of motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .195 28 .008 .870 28 .002 
Cushioned .122 28 .200* .974 28 .679 
MC .129 28 .200* .951 28 .216 
 
Table AIV3.49. SPSS output containing normality test results for sagittal MF-RF angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .109 28 .200* .980 28 .848 
Cushioned .077 28 .200* .978 28 .792 
MC .131 28 .200* .949 28 .185 
 
Table AIV3.50. SPSS output containing normality test results for time to peak sagittal MF-RF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .160 28 .064 .921 28 .037 
Cushioned .141 28 .161 .961 28 .364 
MC .103 28 .200* .972 28 .622 
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Table AIV3.51. SPSS output containing normality test results for frontal plane MF-RF angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .120 28 .200* .948 28 .175 
Cushioned .200 28 .006 .913 28 .024 
MC .094 28 .200* .969 28 .557 
 
Table AIV3.52. SPSS output containing normality test results for peak frontal MF-RF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .110 28 .200* .970 28 .587 
Cushioned .062 28 .200* .993 28 .999 
MC .105 28 .200* .967 28 .513 
 
Table AIV3.53. SPSS output containing normality test results for frontal MF-RF range of motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .151 28 .102 .912 28 .022 
Cushioned .143 28 .146 .949 28 .189 
MC .108 28 .200* .940 28 .112 
 
Table AIV3.54. SPSS output containing normality test results for frontal MF-RF angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .113 28 .200* .961 28 .362 
Cushioned .078 28 .200* .957 28 .302 
MC .137 28 .194 .973 28 .654 
 
Table AIV3.55. SPSS output containing normality test results for time to peak frontal MF-RF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .163 28 .053 .928 28 .053 
Cushioned .134 28 .200* .948 28 .177 
MC .110 28 .200* .963 28 .416 
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Table AIV3.56. SPSS output containing normality test results for transverse plane MF-RF angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .109 28 .200* .970 28 .579 
Cushioned .062 28 .200* .994 28 1.000 
MC .117 28 .200* .964 28 .437 
 
Table AIV3.57. SPSS output containing normality test results for peak transverse MF-RF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .121 28 .200* .941 28 .120 
Cushioned .122 28 .200* .967 28 .493 
MC .144 28 .142 .942 28 .122 
 
Table AIV3.58. SPSS output containing normality test results for transverse MF-RF range of motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .155 28 .083 .913 28 .024 
Cushioned .173 28 .032 .923 28 .042 
MC .139 28 .175 .957 28 .297 
 
Table AIV3.59. SPSS output containing normality test results for transverse MF-RF angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .086 28 .200* .973 28 .673 
Cushioned .148 28 .119 .940 28 .111 
MC .107 28 .200* .957 28 .297 
 
Table AIV3.60. SPSS output containing normality test results for time to peak transverse MF-RF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .132 28 .200* .915 28 .026 
Cushioned .082 28 .200* .953 28 .238 
MC .146 28 .130 .936 28 .088 
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Forefoot to Rearfoot (FF-RF) 
 
Table AIV3.61. SPSS output containing normality test results for sagittal plane FF-RF angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .095 28 .200* .961 28 .359 
Cushioned .078 28 .200* .988 28 .980 
MC .090 28 .200* .980 28 .845 
 
Table AIV3.62. SPSS output containing normality test results for peak sagittal FF-RF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .085 28 .200* .969 28 .567 
Cushioned .086 28 .200* .982 28 .893 
MC .112 28 .200* .970 28 .583 
 
Table AIV3.63. SPSS output containing normality test results for sagittal FF-RF range of motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .195 28 .008 .870 28 .002 
Cushioned .122 28 .200* .974 28 .679 
MC .129 28 .200* .951 28 .216 
 
Table AIV3.64. SPSS output containing normality test results for sagittal FF-RF angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .109 28 .200* .980 28 .848 
Cushioned .077 28 .200* .978 28 .792 
MC .131 28 .200* .949 28 .185 
 
Table AIV3.65. SPSS output containing normality test results for time to peak sagittal FF-RF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .160 28 .064 .921 28 .037 
Cushioned .141 28 .161 .961 28 .364 
MC .103 28 .200* .972 28 .622 
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Table AIV3.66. SPSS output containing normality test results for frontal plane FF-RF angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .120 28 .200* .948 28 .175 
Cushioned .200 28 .006 .913 28 .024 
MC .094 28 .200* .969 28 .557 
 
Table AIV3.67. SPSS output containing normality test results for peak frontal FF-RF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .110 28 .200* .970 28 .587 
Cushioned .062 28 .200* .993 28 .999 
MC .105 28 .200* .967 28 .513 
 
Table AIV3.68. SPSS output containing normality test results for frontal FF-RF range of motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .151 28 .102 .912 28 .022 
Cushioned .143 28 .146 .949 28 .189 
MC .108 28 .200* .940 28 .112 
 
Table AIV3.69. SPSS output containing normality test results for frontal FF-RF angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .113 28 .200* .961 28 .362 
Cushioned .078 28 .200* .957 28 .302 
MC .137 28 .194 .973 28 .654 
 
Table AIV3.70. SPSS output containing normality test results for time to peak frontal FF-RF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .163 28 .053 .928 28 .053 
Cushioned .134 28 .200* .948 28 .177 
MC .110 28 .200* .963 28 .416 
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Table AIV3.71. SPSS output containing normality test results for transverse plane FF-RF angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .109 28 .200* .970 28 .579 
Cushioned .062 28 .200* .994 28 1.000 
MC .117 28 .200* .964 28 .437 
 
Table AIV3.72. SPSS output containing normality test results for peak transverse FF-RF angle 
 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .121 28 .200* .941 28 .120 
Cushioned .122 28 .200* .967 28 .493 
MC .144 28 .142 .942 28 .122 
 
Table AIV3.73. SPSS output containing normality test results for transverse FF-RF range of motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .155 28 .083 .913 28 .024 
Cushioned .173 28 .032 .923 28 .042 
MC .139 28 .175 .957 28 .297 
 
Table AIV3.74. SPSS output containing normality test results for transverse FF-RF angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .086 28 .200* .973 28 .673 
Cushioned .148 28 .119 .940 28 .111 
MC .107 28 .200* .957 28 .297 
 
Table AIV3.75. SPSS output containing normality test results for time to peak transverse FF-RF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .132 28 .200* .915 28 .026 
Cushioned .082 28 .200* .953 28 .238 
MC .146 28 .130 .936 28 .088 
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Forefoot to Midfoot (FF-MF) 
 
Table AIV3.76. SPSS output containing normality test results for sagittal plane FF-MF angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .109 28 .200* .932 28 .069 
Cushioned .144 28 .143 .972 28 .634 
MC .099 28 .200* .955 28 .261 
 
Table AIV3.77. SPSS output containing normality test results for peak sagittal FF-MF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .088 28 .200* .974 28 .694 
Cushioned .086 28 .200* .980 28 .850 
MC .141 28 .164 .943 28 .133 
 
Table AIV3.78. SPSS output containing normality test results for sagittal FF-MF range of motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .120 28 .200* .969 28 .550 
Cushioned .162 28 .059 .958 28 .318 
MC .166 28 .047 .949 28 .192 
 
Table AIV3.79. SPSS output containing normality test results for sagittal FF-MF angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .100 28 .200* .967 28 .508 
Cushioned .092 28 .200* .984 28 .932 
MC .104 28 .200* .977 28 .767 
 
Table AIV3.80. SPSS output containing normality test results for time to peak sagittal FF-MF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .113 28 .200* .966 28 .481 
Cushioned .135 28 .200* .956 28 .276 
MC .107 28 .200* .966 28 .470 
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Table AIV3.81. SPSS output containing normality test results for frontal plane FF-MF angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .084 28 .200* .979 28 .837 
Cushioned .080 28 .200* .986 28 .963 
MC .105 28 .200* .962 28 .386 
 
Table AIV3.82. SPSS output containing normality test results for peak frontal FF-MF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .113 28 .200* .974 28 .703 
Cushioned .075 28 .200* .985 28 .950 
MC .132 28 .200* .969 28 .565 
 
Table AIV3.83. SPSS output containing normality test results for frontal FF-MF range of motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .167 28 .044 .923 28 .040 
Cushioned .109 28 .200* .971 28 .594 
MC .096 28 .200* .985 28 .949 
 
Table AIV3.84. SPSS output containing normality test results for frontal FF-MF angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .108 28 .200* .981 28 .868 
Cushioned .081 28 .200* .985 28 .942 
MC .130 28 .200* .960 28 .350 
 
Table AIV3.85. SPSS output containing normality test results for time to peak frontal FF-MF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .112 28 .200* .953 28 .232 
Cushioned .102 28 .200* .972 28 .642 
MC .090 28 .200* .978 28 .803 
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Table AIV3.86. SPSS output containing normality test results for transverse plane FF-MF angle at initial 
contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .155 28 .082 .926 28 .050 
Cushioned .089 28 .200* .983 28 .921 
MC .144 28 .142 .948 28 .180 
 
Table AIV3.87. SPSS output containing normality test results for peak transverse FF-MF angle 
 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .129 28 .200* .937 28 .094 
Cushioned .086 28 .200* .983 28 .913 
MC .139 28 .179 .961 28 .362 
 
Table AIV3.88. SPSS output containing normality test results for transverse FF-MF range of motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .120 28 .200* .933 28 .073 
Cushioned .112 28 .200* .949 28 .184 
MC .126 28 .200* .949 28 .192 
 
Table AIV3.89. SPSS output containing normality test results for transverse FF-MF angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .073 28 .200* .970 28 .570 
Cushioned .069 28 .200* .982 28 .887 
MC .108 28 .200* .971 28 .598 
 
Table AIV3.90. SPSS output containing normality test results for time to peak transverse FF-MF angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .164 28 .051 .934 28 .076 
Cushioned .217 28 .002 .841 28 .001 
MC .201 28 .005 .848 28 .001 
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Medial Longitudinal Arch (MLA) 
 
Table AIV3.91. SPSS output containing normality test results for MLA angle at initial contact 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .161 28 .060 .930 28 .062 
Cushioned .123 28 .200* .955 28 .260 
MC .107 28 .200* .949 28 .190 
 
Table AIV3.92. SPSS output containing normality test results for peak MLA angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .228 28 .001 .845 28 .001 
Cushioned .107 28 .200* .923 28 .040 
MC .132 28 .200* .936 28 .086 
 
Table AIV3.93. SPSS output containing normality test results for MLA angle range of motion 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .085 28 .200* .986 28 .958 
Cushioned .055 28 .200* .993 28 .999 
MC .125 28 .200* .931 28 .064 
 
Table AIV3.94. SPSS output containing normality test results for MLA angle at toe off 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .154 28 .089 .932 28 .069 
Cushioned .164 28 .053 .923 28 .040 
MC .175 28 .028 .872 28 .003 
 
Table AIV3.95. SPSS output containing normality test results for time to peak MLA angle 
Tests of Normality 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Neutral .129 28 .200* .945 28 .148 
Cushioned .163 28 .054 .894 28 .008 
MC .151 28 .099 .910 28 .020 
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Participant Information Sheet 
                 University of East London 
School of Health, Sport and Bioscience 
      Stratford Campus 
                                                               Water Lane 
        London 
  E15 4LZ 
 
Project Title: The Influence of Running Shoes on the Biomechanics of the Foot and Lower Limb 
 
University Research Ethics Committee 
If you have any queries regarding the conduct of the investigators, researchers or any other 
aspect of this research project in which you are being asked to participate, please contact 
researchethics@uel.ac.uk 
 
The Principal Investigator(s) 
Ben Langley 
School of Health, Sport and Bioscience, Water Lane, London, E15 4LZ 
0208 223 4033 
 
Project Sponsors 
ASICS 
 
Consent to Participate in a Research Study 
The purpose of this letter is to provide you with the information that you need to consider in 
deciding whether to participate in this research study. 
 
The Influence of ASICS Running Shoes on the Biomechanics of the Foot and Lower Limb 
 
Project Description 
 
This research project aims to determine the influence of different types   of running shoe (motion control, 
neutral and cushioning) on motion of the foot and lower limbs during walking and running, in males between 
18-40 years old. This research will help develop our understanding of how alterations in running shoe 
construction influence lower limb and foot motion during gait, and also enable evidence based guidelines for 
the provision of running shoes to runners. Only males within this age range are being recruited for this 
research project to reduce the influence of age and gender differences upon motion patterns during walking 
and running, and to remove the influence of differences in mid-sole construction between shoes designed 
for males and females. 
 
This research study will involve two testing sessions, during the initial session static foot classification 
measures will be undertaken with walking and running trials conducted during the second session. This 
study will help develop the approach we take forward to assess the influence of each type of running shoe 
upon foot and lower limb motion during walking and running in later phases of this research project. This 
phase of the research project aims to determine the relationship between static foot classification measure 
and dynamic foot motion, the optimal way to track the motion of the foot within a running shoe, and the 
differences between barefoot and shod running and walking technique. In order to undertake this analysis 
the movement of the foot and lower limb will be recorded during walking and running trials in both shod and 
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barefoot conditions. To record the motion of these segments a three-dimensional motion analysis system 
will record the position of reflective markers placed upon the body, while you perform the walking and running 
trials, video recordings of the lower limb will also be recorded by the motion analysis system. Prior to these 
trials static measures of the foot will be undertaken, through palpation, surface marking and visual 
observation. 
 
Your written and informed consent would be sought before any testing began. Additionally, standard 
screening questionnaire would be completed to ensure you are in a good state of health prior to participation 
and to record your training habits. This research has received formal approval from the University Research 
Ethics Committee. If you are a student within the University, your participation or non-participation will be 
without prejudice and will not affect assessment or service.  
 
Firstly, a number of physical measures will be recorded. These include your height and weight, as well as 
foot and lower limb length, and knee and ankle width. Foot measurements will then be undertaken, from 
which your foot will be classified. During this phase of the testing key points on the foot will be palpated and 
marked, this will enable different lengths, angles and alterations in marker location to be recorded in a variety 
of positions. After which specific landmarks on the foot will be located while you’re wearing the test shoe 
provided, in order for the shoe to be marked. This will end the first testing session. After which you will be 
invited back to undertake the second phase of testing aimed at measuring the motion of your foot in shod 
and barefoot conditions during walking and running. 
 
In order to capture and calculate skeletal and joint motion, small spherical reflective markers will be attached 
to bony landmarks on your lower limb and foot. You would be required to stand still for 5 seconds in the view 
of 8 infrared cameras, which record the position of the reflective markers only, to help calibrate the system 
and enable a representation of your body to be recorded and reconstructed. After this walking and running 
trials will commence, these will last for 3 minutes each at a speed selected by yourself, to represent a normal 
walking pace and also the pace you would run during a 30 minute training run. Walking and running trials 
will be conducted on a treadmill, located in the middle of the laboratory, in both barefoot and shod conditions. 
Two trials will be conducted in both the walking and running conditions, between which the location of the 
reflective markers will be altered. A rest period will be given between each trial to reduce the fatigue effect 
upon walking and running technique, as well as providing the opportunity for the marker locations to be 
changed. During the walking and running trials digital video recordings will be captured at the same time as 
the capture of the reflective markers. 
 
As with any testing or exercise procedure there is a minor risk of accident or injury. These will be minimised 
by the use of a familiarisation session, screening, warm-ups, cool down and the supervision of testing. You 
may find that the protocol is tiring although the rest periods between each trial should reduce this. You are 
free to stop testing at any time, and are encouraged to do so should you feel any discomfort during the 
testing procedure. It is possible, but unlikely, that you may experience some mild muscle soreness after the 
testing session, although this should diminish within 48 hours of testing.   
 
Confidentiality of the Data 
All data that is collected will be kept in accordance with the Data Protection Act 1998. To keep your 
confidentiality, you will be identified by a number, with no personal data identifiable by name. 
Collected data may be used for future publication but will be reported anonymously. All paper-based 
data will be stored in locked filling cabinets, in the locked office of the investigator. All electronically 
stored data will be password protected. Data will be held for a period of between 6-10 years. Any 
paper based information will be shredded and electronic data will be deleted by the investigator. 
 
Location 
Testing will take place in the Motion Analysis Laboratory (UH2.03) at the Stratford Campus of the 
University of East London. 
 
Disclaimer 
You are not obliged to take part in this study, and are free to withdraw at any time during testing. Should 
you choose to withdraw from the programme you may do so without disadvantage to yourself and without 
any obligation to give a reason. 
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Participant Information Sheet 
                 University of East London 
School of Health, Sport and Bioscience 
      Stratford Campus 
                                     Water Lane 
        London 
  E15 4LZ 
 
Project Title: The Influence of Running Shoes on the Biomechanics of the Foot and Lower Limb 
 
University Research Ethics Committee 
If you have any queries regarding the conduct of the investigators, researchers or any other 
aspect of this research project in which you are being asked to participate, please contact 
researchethics@uel.ac.uk 
 
The Principal Investigator(s) 
Ben Langley 
School of Health, Sport and Bioscience, Water Lane, London, E15 4LZ 
0208 223 4033 
 
Project Sponsors 
ASICS 
 
Consent to Participate in a Research Study 
The purpose of this letter is to provide you with the information that you need to consider in 
deciding whether to participate in this research study. 
 
The Influence of ASICS Running Shoes on the Biomechanics of the Foot and Lower Limb 
 
Project Description 
 
This research study aims to determine the influence of different types of running shoe (motion 
control, neutral and cushioning) on the motion of the foot and lower limb during running, in males 
between 18 and 45 years old with neutral and pronated (flat) feet. This research will help further 
our understanding of how alterations in running shoe construction influence lower limb and foot 
motion during gait, and also enable evidence based guidelines for the provision of running shoes 
to runners to be developed. The inclusion of a fatiguing run within this study will also enable a 
greater understanding of the influence of fatigue upon foot and lower limb motion during running, 
and the influence of running shoes once fatigued. Only males within this age range (18-45 years 
old) are being recruited for this research project to reduce the influence of age and gender 
differences upon motion patterns during running, and to remove the influence of differences in 
mid-sole construction between shoes designed for males and females. Only participants with 
neutral and pronated (flat) feet are being recruited due to the small percentage of people with 
supinated (high arched) feet. Additionally, you must be running at least twice per week to be 
eligible to participate in this study. 
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This research study will involve one testing session, which will last no longer than 2 hours and 30 
minutes. Prior to which your written and informed consent would be sought before any testing 
began. Additionally, a standard screening questionnaire would be completed to ensure you are 
in a good state of health prior to participation and to record your training habits.  
 
At the commencement of the testing session a number of physical measures will be recorded. 
These include your height and weight, as well as foot and lower limb length, and knee and ankle 
width. Foot measurements will then be undertaken, from which your foot will be classified as either 
neutral, pronated (flat footed) or supinated (high arched). During this phase of the testing key 
points on the foot will be viewed, palpated and marked, this will enable different lengths, angles 
and alterations in marker location to be recorded in a variety of positions. Once your foot has 
been classified, participants with neutral and pronated (flat) feet will be invited to continue with 
testing. 
 
The second phase of the testing session will involve 4 running trials; 3 of these will be 5 minutes 
long, where you will run in motion control, neutral and structured cushioning running shoes, the 
final trial will be a run to fatigue in the running shoes currently recommended for your foot type. 
Running trials will be conducted on a treadmill, located in the middle of the laboratory. The first 3 
running trials will last for 5 minutes each at a speed selected by yourself, in these trials you will 
run in motion control, neutral and structured cushioning running shoes. Rest periods will be 
provided between conditions, as the running shoes are changed and foot markers reapplied. 
Upon completion of these trials you will be asked to complete a run to fatigue as determine by 
either your heart rate reaching 85% of your maximum heart rate or reaching level 17 on a scale 
of perceived exertion. The fatigued condition will be completed in the current industry 
recommended running shoes based upon your foot type, thus runners with neutral feet will wear 
neutral running shoes and runners with a pronated (flat) foot type motion control running shoes. 
Once the required level of fatigue is reached you will run for 1 minute while the position of the 
reflective markers is recorded, after which a cool down will be undertaken.  
  
To record the motion of the foot and lower limb a three-dimensional motion analysis system will 
record the position of reflective markers placed upon the body, while you perform the running 
trials. In order to capture and calculate skeletal and joint motion, small spherical reflective markers 
will be attached to bony landmarks on your lower limb and foot. In order to enable the markers 
for the foot to be placed directly upon the surface of the foot incisions will be made within the 
running shoes so markers may protrude through the shoe. Once the markers have been attached 
you would be required to stand still for 5 seconds in the view of 8 infrared cameras, which record 
the position of the reflective markers only, to help calibrate the system and enable a 
representation of your body to be recorded and reconstructed. After this running trials will 
commence. During the running trials digital video recordings maybe undertaken at the same time 
as the capture of the reflective markers, if video recording will be undertaken consent for this will 
be sought explicitly prior to the commencement of testing. Any video recording would be of the 
lower limb only so participants’ anonymity will be maintained. 
 
To assess the cushioning features of the running shoes a pressure sensitive in-sole will be placed 
within the running shoe. These in-soles will sit on top of those within the shoe and record the 
pressure applied under different parts of the foot. Additionally, you will be asked to rate the comfort 
of different aspects of the neutral, motion control and structured cushioning running shoes during 
the first 3 running trials. This will be under taken using a rating scale provided by the examiner 
during the testing session. 
 
As with any testing or exercise procedure there is a minor risk of accident or injury. These will be 
minimised by the use of a familiarisation period, screening, warm-ups, cool down and the 
supervision of testing. You are free to stop testing at any time, and are encouraged to do so 
should you feel any discomfort during the testing procedure. It is possible, but unlikely, that you 
may experience some mild muscle soreness after the testing session, although this should 
diminish within 48 hours of testing. 
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This research has received formal approval from the University Research Ethics Committee. If 
you are a student within the University, your participation or non-participation will be without 
prejudice and will not affect assessment or service. 
 
Confidentiality of the Data 
All data that is collected will be kept in accordance with the Data Protection Act 1998. To keep your 
confidentiality, you will be identified by a number, with no personal data identifiable by name. 
Collected data may be used for future publication but will be reported anonymously. All paper-based 
data will be stored in locked filling cabinets, in the locked office of the investigator. All electronically 
stored data will be password protected. Data will be held for a period of between 6-10 years. Any 
paper based information will be shredded and electronic data will be deleted by the investigator. 
 
Location 
Testing will take place in the Motion Analysis Laboratory (UH2.03) at the Stratford Campus of the 
University of East London. 
 
Participants will be reimbursed reasonable travel expenses  
 
Disclaimer 
You are not obliged to take part in this study, and are free to withdraw at any time during testing. Should 
you choose to withdraw from the programme you may do so without disadvantage to yourself and without 
any obligation to give a reason. 
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CONSENT FORM 
University of East London 
School of Health, Sport and Bioscience 
 
Consent to Participate in an Experimental Research involving the Use of Human 
Participants 
 
The Influence of ASICS Running Shoes on the Biomechanics of the Foot 
and Lower Limb 
  
I have read the information leaflet relating to the above programme of research in which I have 
been asked to participate and have been given a copy to keep. The nature and purposes of the 
research have been explained to me, and I have had the opportunity to discuss the details and 
ask questions about this information. I understand what is being proposed and the procedures in 
which I will be involved have been explained to me. 
I understand that my involvement in this study, and particular data from this research, will remain 
strictly confidential. Only the researchers involved in the study will have access to the data. It has 
been explained to me what will happen once the experimental programme has been completed. 
I understand that the data collected could be reported in scientific journal, conferences or other 
similar publication and that any data will be anonymised. I am also fully aware that the results of 
this work will be shared with ASICS, but that no identifiable data will be passed on. 
I hereby freely and fully consent to voluntarily participating in this study which has been fully 
explained to me. 
Having given this consent I understand that I have the right to withdraw from the programme at 
any time without disadvantage to myself and without being obliged to give any reason. 
 
Participant’s Name (BLOCK CAPITALS) ………………………………………………………………………….. 
Participant’s Signature …………………………………………………………………………………………………. 
Investigator’s Name (BLOCK CAPITALS) ………………………………………………………………………….. 
Investigator’s Signature ………………………………………………………………………………………………….. 
Date: …../…../……….. 
 
 
 
 
 
Appendix VI 
LXXXVIII 
 
Health Screen and Training 
Questionnaire 
 
Name ……………………………………………………………………………….………. Age …………..…... 
Address ………………………………………………………………………………………………………………………………….. 
………………………………………………………………………………………………………………………………………………….. 
…………………………………………………………………..…………….……………….. Post Code ……………………………. 
Contact Number ……………………………………..… Email ……………………………………..……………………………. 
Health Screen Questions: 
Please tick the relevant box in answer to each question. 
Do you have or have you ever had any of the following? 
Heart Condition    Back Pain 
High Blood Pressure   Chest Pain 
Breathing Problems   Diabetes 
Bone Disorders    Joint Injury (past 3 months) 
Epilepsy    Muscular Injury (past 3 months) 
If yes please specifiy (if relevant) ……………………………………………………………………………. 
Running/Exercise Questions: 
Please tick the relevant box in answer to each question. 
 
How often do you exercise?   5 or more times per week 
      3-4 times per week 
      1-2 times per week 
      0 times per week 
How often do you run per week?  5 or more times per week 
Appendix VI 
LXXXIX 
 
      3-4 times per week 
      1-2 times per week 
      0 times per week 
 
Do you consider running your main form of exercise?  
   Yes    No 
 
Please give an estimation of your running milage per week 
………………………………………………………………. 
 
Please give an estimation of your training pace 
…………………………………………………………………………………. 
 
5km personal best …………………………….. 
 
10km personal best …………………………… 
 
I have read, understood and accurately completed this questionnaire. I confirm that I am 
voluntarily engaging in an acceptable level of exercise, and my participation involves a risk of 
injury. 
 
Print Name (Block Capitals) ……………………………………………………………………………. 
Signature ……………………………………………………………………………………………………. 
Date ……../…………/…………………. 
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Appendix VIII: Image Permission 
 
 XCII 
 
Dear Ben Langley 
We hereby grant you permission to reproduce the material detailed below at no charge 
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